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Computer Integration of SEAWOLF Class
Submarine Life Cycle Functions
CDR Blaine R. Brucker, USN, Member and CDR K.J. Merrill, USN, Visitor
SEAWOLF Program, Naval Sea Systems Command, Washington, D:C.

ABSTRACT

The application of computers in
acquisition and logistics support is
major requirement of future weapons
systems acquisitions. Although the
design of the SEAWOLF preceded most
new DOD sponsored requirements, the
program incorporated many initiatives
that will serve as prototypes for
future” acquisitions. 

The SEAWOLF Program is employing
computer technology to integrate the
design, production and logistic
support functions of the ship’s life
cycle. The transportability of
electronic data from the design phase
to construction, and on to logistics
is key to improving efficiency and
more closely linking designer,
shipbuilder and maintainer.

a

SFAWOLF is an important step in the
overall effort to improve weapons
system acquisition efficiency.
Lessons learned by SEAWOLF will be
valuable in preparing other
acquisition programs to take advantage
of the integration of computer data
bases that can bring greater success
in the execution of design, production
and logistics support phases.

INTRODUCTION

The life cycle of a ship or any
weapons system in general is divided
into many phases. These phases extend
from the first drawing that defines
the ship at the highest level during
conceptual design to the day when the
last unit completes its final mission.
One constant that has existed for
centuries is the need to transfer
information. In early ship
construction a scale model constructed
in wood may have been the only vehicle
necessary to transfer the designer’s
knowledge to the shipwright. The next
step, and the one we are for the most
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part living with today, is the
transfer of information from designer
to constructor to operator and

logistician using paper as the medium.
Today, the information takes the form
of drawings, specifications,
maintenance plans and standards,
technical publications, piece part
support, allowances and a seemingly
infinite number of variations. The
desire to better control the life
cycle functions of a ship has led to
the proliferation of huge volumes of
paper at each point of the process.
The wasteful part of this process is
the fact that we constantly recreate
data that undoubtedly a person
associated with some previous part of
the life cycle has had at their
fingertips.

The practical application of
managing the data created during a
ship (or any other weapons system)
life cycle is an immense task. Figure
1 depicts a very high level summary of
the major interfaces. There are many
points of transfer and each one has
its own specific requirements that
must be satisfied. For example, the
interface between design and
construction is a particularly
important one in the SEAWOLF Program
today.

The shipbuilder must be provided an
array of design products, the largest
volume of which is drawings and
associated material information.
Conventionally, this point of data
transfer has been strictly limited to
the delivery of reproducible paper
drawings. However, the ability of a
program to provide that information in
a data transfer medium other than
paper is in today’s increasingly
computer oriented environment not only
an attractive option, but in the near
future will be a requirement.
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FIGURE 1. LIFE CYCLE DATA INTERFACES

Today’s program manager must be
expected to understand the methodology
of managing data. The program manager
will look at the Department of Defense
specifications, the capability of
potential prime contractors and
mandate contractual language to
implement design, construction and ILS
requirements. There are many key
decision points within an acquisition
program concerning the vehicles by
which data will be created, stored and
exchanged. The most critical
decisions, from the SEAWOLF
experience, are the decisions made
during the preliminary phases of
design and implemented in the detail
design contract. The detail design
phase creates large amounts of data
and a later change of course would in
all likelihood be expensive and
difficult to execute. Therefore, the
topic of creating and utilizing
electronic data bases in weapons
system acquisition will receive
increasing visibility at high level
forums, such as the ship production
symposium.

EARLY SEAWOLF INITIATIVES

The SEAWOLF Program preceded most
DOD initiatives to improve the methods
in which life cycle information is
handled. Sufficient technology was
available at both submarine design
yards, Newport News Shipbuilding (NNS)
and General Dynamics, Electric Boat
Division (EB Div), to establish the
contractual mandate that the EB
Div/NNS design be entirely CAD based.
We believe that history will support
that this forward looking decision is
one of the single most important
milestones in the Program's history.

To support a competitive acquisition
strategy, the Program's plan to go
forward with a digitally based design
had to deal with the difficult problem
of developing the capability to
transfer design products between the
two submarine design yards, and
eventually to a shipbuilder. The
incompatibility of the design yard CAD
systems left serious doubts as to
whether or not the EB and NNS design
data could be transferred cost
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effectively. There were three options
explored to solve this problem: 1)
direct both design yards to use the
same CAD system, 2) Develop a direct
translator between the two existing
systems, or 3) work with a neutral
format translation process,
specifically the Initial Graphics
Exchange Specification (IGES).

The first option would have incurred
a very large expense. The second
option was regarded as being too
inflexible since data from a third
system may not be usable and future
upgrades of existing software at
either design yards could necessitate
revisions to the direct translator.
The third option had the potential to
be cost effective and flexible,
however, it was recognized that large
scale IGES transfers in shipbuilding
had not been done before. The program
selected the IGES option and accepted
the task to go through the development
effort necessary and make this medium
of transfer an effective vehicle. In
addition to the two and three
dimensional graphics information that
IGES would handle the need to transfer
processible or "field" type text data
was necessary. In 1985 the SEAWOLF
Program organized data transfer
working groups to bring EB Div and NNS
people together and provide the
framework for transferring, in most
cases in parallel with the hard copy
deliverable, three types of data:

o Drawings (2D Graphics)
o Product Model (3D Data)
o Processible Data Elements

A working group was assigned  to each
of these data types with the goals of
specifically defining what contract
deliverables would be transferred,
developing the written transfer
procedures, and thoroughly testing the
transfer process to validate the
procedures. The charter of these
working groups was to bring electronic
data transfer from a goal to a
reality. Additionally, the procedures
developed had to be rigorous and clear
for the digital product to be made a
deliverable in the SEAWOLF
Construction Contract.

SEAWOLF DIGITAL DATA TRANSFER WORKING
GROUPS

The philosophy behind the working
groups was that knowledgeable
personnel from Electric Boat and
Newport News, with guidance from
NAVSEA, were capable of developing the
tools necessary to transfer SEAWOLF

data electronically. Although the
management at both companies set the
course, the working group's efforts
for the most part were undertaken by
Computer Aided Design (CAD) support
engineers, for the IGES type transfer,
and material specialists, in the
processible text transfer. The groups
met about once a month and devised
their own methods of developing the
products required by the detail design
contract. The statement of work of
the contract required the design yards
to develop and refine procedures for
the conversion, storage, validation,
and exchange of design information
(processible text, drawings and
product model including piping and
structural information) in digital
form . In addition, as part of the
Contract Data Requirements List (CDRL)
the delivery of procedures was
required. These procedures (see
Figure 2) would become the basis of
data transfer and invoked in future
contracts.

1. DIGITAL DRAWING EXCHANGE

2 DATA ELEMENT DICTIONARY

3. PROCESSIBLE DATA EXCHANGE

4. STRUCTURE EXCHANGE

5. PIPING DATA EXCHANGE

6. NON.PROCESSIBLE TEXT EXCHANGE

7. DIGITAL PRODUCT DATA CONTROL

8. DIGITAL DATA TEST SET

FIGURE 2 SEAWOLF DATA EXCHANGE PROCEDURES

Drawing Transfer

The successful exchange of drawings
within the SEAWOLF Program from design
yard to construction yard allows the
shipbuilder to have a computer usable
(vector notation) drawing available.
The utility of being able to work with
a drawing with the same capability as
if it had been created on ones own CAD
system is significant. Additionally,
the option to create a SEAWOLF data
base at another site, such as a
planning yard, is achievable.
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The transfer of drawings using IGES
as the vehicle is a complex process.
The complexity is the result of the
methods in which individual CAD
vendors represent the many visual
devices that convey information.
Something as simple as the width (or
font) of a line can create a thorny
translation problem. Although IGES
translators were available from each
of the CAD vendors whose products were
involved in SEAWOLF design, the
initial attempts to transfer data
resulted in drawings at the receiving
site that did not resemble the
original drawing. The major reasons
for these drawing exchange
difficulties were rooted in four
areas:

o Translator Problems
o IGES
o System Differences
o User Errors

Each problem was documented and
categorized by priority and method of
solution. Translator problems were
resolved by feeding back information
to the CAD vendor who provided the
translator. Both vendors
involved (IBM and CV) were very
receptive to the requests from the
SEAWOLF Data Transfer working groups
for improvements in the translator
software and most problems have been
solved. Recommendations to change
IGES were referred to the IGES
committee and the National Bureau of
Standards (now National Institute of
Standards and Technology). This
process, although slower than working
through the CAD vendors, resulted in
useful changes that improved the
translation process. Working with the
CAD vendors and IGES had the advantage
of not being a direct cost to the
government. The feedback provided by
the SEAWOLF working groups to the CAD
vendors and the IGES committee
provided a basis for a significant
product improvement to the vendors
translators and IGES.

In the event a solution to a problem
was required prior to being addressed
in the translator or IGES, an interim
solution to most problems was resolved
by creating "work around" software at
the sending or receiving site. System
differences and user errors were
corrected through the institution of 
internal procedures within each
company to provide uniform CAD
products and a SEAWOLF drawing
transfer procedure to govern exchanges
of drawings between sites. In
addition, a standard set of test cases
was developed to check translator
integrity when a new revision of CAD
Software was introduced by either
design yard. The program to improve

drawing transfer has been very
successful. The SEAWOLF effort has
achieved a consistently accurate
transfer of information with only
minor problems that are well
documented and easily corrected at the
receiving site, as part of the drawing
validation process.

Future Acquisition Programs must
decide what medium is required to
transfer drawings. The SEAWOLF
Program chose IGES as the medium to
provide computer usable drawings at
various sites. Options other than
IGES, i.e., raster images, can provide
improved transfer, storage and
retrieval capability, but without the
virtue of being cAD usable. A Raster
image is a series of dots that can be
electronically stored to represent a
2D graphic. The advance of technology
in converting Raster to vector may
someday allow the Raster transfer to
become the 2D transfer medium of
choice.

Product Model Transfer

The transfer of product model or 3D
information is an important function,
particularly from the standpoint of
manufacturing. The accurate 3D
description of parts that comprise a
ship is the entry point for advanced
manufacturing systems. A hallmark of
the SEAWOLF Program is the contractual
requirements for both design yards to
deliver piping and structural product
model information to the shipbuilder.

Moving information through a
manufacturing process is a complex
procedure. In most cases the time to
create the paper or software products
that support the fabrication of each
piece takes many times longer than the
actual time to manufacture. The need
to reduce fabrication costs has driven
most shipbuilders to implement
producibility enhancement programs
that reduce the time and complexity of
the manufacturing process. One method
revolves around bringing numerical
control machinery onbcard and
interfacing. them with computers. A
generic computer integrate
manufacturing system is depicted in
Figure 3. To take full advantage of a
systemts potential, the maximum amount
of information is transferred
electronically from computer to
computer through direct links. Down
loading to paper at any point in the
process and then recentering the data
into another data base represents
failure. The front end of the system
is the CAD station work station that
originates the designer’s description
of the piece to be fabricated,
whatever it may be. In the case of
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FIGURE 3. ADVANCED MANUFACTURING SYSTEM

SEAWOLF that piece may be designed at
either NNS or EB. In order to
electronically link the design data
base to the manufacturing system of
the shipbuilder, the SEAWOLF program
developed and is continuing to develop
the procedures to utilize IGES based
transfer of product model data.

A working group, similar to the
drawing transfer working group,
developed a procedure to guide the
process of moving structural and
piping product model data from design
yard to shipbuilder. In addition to
the procedure development,
considerable testing and resolution of
problems that the testing brought out
took place. The final step in the
development phase has been to transfer
data from designer to manufacturer and
use that data to cut steel or bend
pipe.

In a weapons system acquisition, the
program manager must determine if the
transfer of product model type
information is required to support the
manufacture of the system. The
program should require sufficient
procedure development and testing to
insure that design data will fully
support construction. An
understanding of the manufacturing

capabilities and requirements of
potential manufacturers is essential
to making the correct decisions.
Although the up front implementation
of a data transfer program as part of
design is an additional design
expense, in reality it is a high
leveraged investment that will make
the weapons system more affordable
over the life cycle.

Processible Text Transfer

The text information transferred
with the drawings using the IGES
process is not computer usable. In
other words, information such as parts
data cannot be electronically pulled
from the drawings to access other
computer files. Although future data
exchange standards (notably PDES) plan
to offer this capability, at present
intelligent or processible text data
must be transmitted separately in a
relational data base that utilizes a
data element dictionary (DED). The
DED is simply a definition of the data
element necessary to transmit
information. The data element
definition is extensive. Each element
requires a field name, number of
characters, data code, references,
description, input instructions,
examples, edit/screening provisions
and data structure.

1-5



AS in drawings and product model to guide the actual transfer. The
transfer, a working group was formed most difficult activity was the large
to develop the guidelines necessary to quantity of elements that had to be
exchange processible text. This identified and then individually
effort included assembling the defined. An example of a data element
elements of the data element is shown in Figure 4.
dictionary and preparing the procedure

FIELD NAME:

ND Matrix

NUMEER OF CHARACTERS

1 each

DATA CODE:

PNC129A,B,C,D, E, and F

REFERENCES

(a) Table 47, NDT Codes

DESCRIPTION:

Identifies applicable non-destructive test requirements (i.e. VT, RT, PT, UT,MT, and MN)
performed on the  item (DAPN).

The Codes (Y/N) in these fields relate to tests  listed in Reference (a).

INPUT INSTRUCTIONS:

o Enter the Ietter "Y" if the particular test applies to the item, or enter "N" if   not required.
“’Blank’’ indicates NDT consideration not made/not applicable.
Test designation sequence:
VT RT PT UT MT and MN

EDIT/SCREENING PROVISIONS: (Performed by-)

0 Computer- Reject Code other than Y,N,or blank. 

Applicable(Yes/No) Y Y N N N N

EDIT/SCREENING PROVISIONS (Performed by-)

p Computer - Reject Code other than Y,N,or blank.

DATA STRUCTURE: 

A(l) each (Alphabetic)

FIGURE 4. EXAMPLE OF SEAWOLF PROCESSIBLE TEXT DATA ELEMENT



The working group further defined
the categories of data to be
transferred. A list of the more
common data reports exchanged is shown
in Figure 5. As people working in the
fields of procurement, manufacturing,
non-destructive testing, weight
control and most notably logistics
support understand the utility of the
computer in their jobs; the importance
of data exchange increases so that the
re-input or re-creation of data
received from another source is not
required.

SEAWOLF: A MAJOR MILESTONE IN DATA
TRANSFER

The effort of the SEAWOLF working
groups have brought the state of data
transfer to the point where the
program is contractually supporting
the transfer of production information
from design yard to shipbuilder. The
culmination of this effort is very
much like a commencement exercise.
The door has been opened and the
desirability of expanding the scope of
the data transfer effort is apparent.
The working groups have been tasked to
develop the procedures and conduct the
testing to facilitate a future
transfer of ventilation and electrical
cabling design data. The working
groups will look at transferring data
that is directly available from the
data base such as cable routing
information and tabular listing of
ventilation shapes and their
dimensions. Further, the groups will
explore the transfer of the 3D product
model of ventilation and electrical
system geometry. The end result will
be similar to the structure and piping
programs, as the ventilation and
electrical construction drawings are
issued, a parallel package of
electronic data will be issued to
support the manufacturing and planning
operations.

Beyond the present program of
providing data which represents the
transfer of design information is the
desire to increase the scope of the
transfer to include manufacturing type
information. For example, the SEAWoLF
plate cutting facility takes the
transferred design or “neat” part and
adds information such as the bevel
required for a specific welding
process and any extra stock necessary
for final fit up. If commonality
between manufacturing sites can be
reached in the methodology of
preparing a design part for
manufacture, then the information
added by the manufacturing planner
will be required only one time during
the life of that part.

1.
2.

3.
4.
5.
6.
7.
8.
9.

10.
11.

DATA EXCHANGE DOCUMENT

ENGINEERING PARTS LIST
LOGISTIC SUPPORT ANALYSIS CONTROL
NUMBER MASTER FlLE
STOWAGE INFORMATION
MACHINERY MATERIAL HISTORY
PREFERRED PARTS SELECTION LIST
SHIP’S DRAWING SCHEDULE
HIGH IMPACT SHOCK QUALITY DATA
RADIOGRAPHIC SHOOTING SKETCH DATA
PROCUREMENT SUMMARY INDEX
WEIGHTS AND MOMENTS
NON-DESTRUCTIVE TEST DATA

FIGURE 5. SELECTED PROCESSIBLE TEXT REPORTS
SUPPORTED BY THE SEAWOLF DATA
ELEMENT DICTIONARY

INTEGRATION OF DESIGN AND LOGISTICS
SUPPORT

The integration of the SEAWOLF
design and construction has been well
documented in prior presentations.
The creation of the modular build
strategy, formalized by planning and
sequence documents and presented in
the SEAWOLF sectional construction
drawings represents a major
achievement in the practical
application of concurrent engineering.
The availability of the SEAWOLF
electronic data base was key in making
the transition from the system to zone
design possible. The utility of the
data base is also being exploited to
make early inroads into the many
products required for the logistics
support of the ship. Design is the
first phase of logistics support. As
the designer creates the ship, the
individual components are chosen to
meet the requirements of the system.
These components become the foundation
of the effort required to maintain the
ship in a proper condition of
readiness. The design data base is
the key resource from which the
initialization of logistics support
systems can be accomplished. The
SEAWOLF logistics group, in
cooperation with the design yards, is
putting into place the systems to
electronically extract information
from the design data base and create
the computer driven systems that will
in turn create the products necessary
to support the SEAWOLF class submarine
throughout its life cycle. The
systems that will fulfill this
function have been integrated under
the umbrella system known as SAILSS.
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The creation and utilization of a
computer based logistics effort
represents a milestone as important in
the logistics phase as the digital
data transfer effort has been in the
construction phase of the life cycle.

SEAWOLF AUTOMATED INTEGRATED LOGISTIC
SYSTEM

Integrated Logistic Support (IIS) is
a process concerned with capturing the
configuration of the ship and
producing and maintaining the logistic
products (maintenance plans and
standards, piece part support and
allowances, technical manuals, etc.)
that support the ship’s operation.
Because these products have
historically been developed and
maintained utilizing independent data
bases, the information contained in
them is often not in agreement. For
example, piece part requirements can
differ between the ship’s allowance
list, the technical manual and the
repair standard. The lack of
integration with the ship’s logistic
products results in wasted man hours
and a high degree of frustration for
the people performing maintenance.

To improve the efficiency and
effectiveness of Integrated Logistic
Support (IIS) for the SEAWOLF Class
Submarine, PMS350 early in the
development process sought to
integrate the various ADP systems that
provide this support. The historic
disconnects that have existed between
the various logistic products could
only be corrected by integrating the
systems that produce and maintain
these products. This need led to the
development of the SEAWOLF Automated
Integrated Logistic Support System
(SAILSS). SAILSS will provide an
automated ILS system that will support
the class during both the acquisition
and operation phases.

SAILSS is being designed as a
distributed data base (information
resides in more than one ADP system)
developed and dedicated to the
logistic support of the class. The
system is being designed as a
composite of individual subsystems
(See Figure 6), linked by common data
elements, software and a
telecommunication network with
controls to prevent access of
unauthorized individuals. NNS is the
system developer and has
responsibility for the design,
development, testing and associated
documentation of the system.



Early in the development it became
apparent that a methodology was needed
that would provide commonality between
the various SAILSS data bases.
Additionally, since logistics is
concerned with the ship’s
configuration, a link common to both
SAILS and the design data base was
required. SEAWOLF utilizes the
Functional Group Code (FGC) for this
linkage. The code provides an
indexing system that establishes the
basis for the structuring the
configuration records. An example of
a FGC is contained in Figure (7).

Configu ration Management Sub-system

The primary sub-system within SAILSS
supports the configuration management
process. The purpose of this
subsystem is to capture the functional
configuration (generated during the
design process) and to build upon this
baseline by adding the physical
configuration (an item identified to a
specific vendor that satisfies the
function) information identified
during the construction process.

The following is a very simple
outline of the configuration process
and how FGC is involved in the
process. As systems are developed the
design engineer determines that an
item is required in the system to
perform a specific function, e.g.,
pump water. These items are added to
the system drawing, a file in the
design data base. The system drawing
is reviewed by the system engineer who
assigns a FGC to the individual
functional items. This information is
loaded into both the design and
Configuration Management data bases.
The physical configuration items are
later identified by the shipbuilder
and electronically transferred to the
corresponding FGC in the configuration
management sub-system.

Currently, a prototype that
electronically links SAILSS and the
design data base is being developed to
take advantage of the fact that the
FGC, as well as other logistic related
information, is in the form of
processible text. During the analysis
phase of this project it became
apparent that information that is
important to the designer may not be
important to the logistician and vice
versa. For example, bulkheads and
other structural items are not
normally considered as a configuration
items by the logistician but are by
the designer. Because of these
differing views of the submarine, a
review by the logistics engineer in
the initial integration of the two
systems will be required. However,
once the systems are linked, the
capability to compare configuration
information between the two data bases
will exist. This ability ensures that
changes in the design are captured by
the logistician.

The Configuration data base
electronically provides configuration
information to the various sub-systems
within SAILSS, as well as external
data bases. Use of these interfaces
will allow sharing of data and will
increase the accuracy of the data.

Logstic SUpport Analysis Sub-system

Logistic Support Analysis (LSA) is a
process that documents the engineering
rationale on which the maintenance
concept (repair activity capability,
periodicity, and technical
requirements) is based and stores
source data from which individual
logistic products are developed.
Since the LSA process utilizes a data
base that is linked to other SAILS
sub-systems, consistency with the
analysis and other ILS products is
assured.

FGC FUNCTIONAL NOMENCLATURE

420 NAVIGATION SYSTEM
423 ELECTRONIC NAVIGATION SYSTEMS, RADIO
4231 DIRECTION FINDER SET AN/XXXX
42311 ANTENNA ASSEMBLY AS-XXXX
42312 RECEIVER-PROCESSOR R-XXXX
42313 CONTROLLER-INDICATOR C-XXXX
42314 SWITCH-MULTIPLE ROTARY

   4232 NAVIGATION SYSTEM, OMEGA
42321 RECEIVER-COMPUTER
--------------------- --------------------- --------------------- 

1-9



The SEAWOLF project was the first to
utilize the unified data base (UDB)
software, which was developed by the
Air Force, as the means to automate
the LSA record (LSAR). The Naval Sea
Systems Command Logistics Center
(NAVSEALOG) has been designated as the
custodian of this software. It is
also planned that the UDB will be
enhanced to include NAVSEA specific
data elements not currently defined in
MIL-STD-1388.

The LSAR is designed to utilize
control numbers to identify the
component undergoing analysis.
SEAWOLF uses the FGC as the Control
number, which will be electronically
transferred to the LSAR from the
Configuration Management Sub-system.
This ensures all configuration items
identified during the
design/construction process are
analyzed for logistic support
requirements. Additionally, logistics
support data produced by the LSA
process will be distributed
electronically between this system and
other sub-systems of SAILS, as well
as external data bases, for the actual
production of logistic products.

Integrated Publishing System

The Integrated Publishing System
(IPS) is a computer based system
designed specifically to produce and
maintain a wide variety of technical
documentation. The system, which is a
sub-system within SAILSS, consists of
a combination of state of the art
hardware and software which provides
for technical matter publication and
life-cycle maintenance.

IPS provides the speed and power to
achieve high level of performance by
replacing manual production tools and
methods with computer function. The
sub-system provides for the electronic
tools to assist in the collection of
source data, including IGES transfer
of drawings from the design data base
and interfaces to scanners for reading
in hard copy drawings. The capability
to transfer data directly from LsAR to
the system will be developed.
Additionally, other time consuming
tasks such as page composition have
also been automated. The merging of
text and graphics, once a time
consuming task, is now automated and
the composition of a camera ready page
is now a relatively simple task.

SUMMARY

There is a large body of
organizations, government and
industry, that are studying the
concept of information
transportability throughout a weapons
system life cycle. The conclusions
being reached, almost universally, are
the free flow of data from one phase
of the acquisition to another
represents the greatest potential to
reduce life cycle cost and improve the
overall performance of the system.

However, in today's world there
appears to be too much information and
too little experience in structuring a
long term program that utilizes the
envisioned potential. Beyond the
challenges of capital investment,
cultural shock in the work force and
the need to restructure traditional
phases of acquisition, the very basic
questions of "how do I structure my
program and where do I go for help?”
do not have clear answers. The
SEAWOLF program was driven by
necessity to search for the answers
concerning data base structuring and
utilization. The simply stated
problem of "how do I transfer CAD data
between NNS and EB Div” has taken a
significant effort to resolve. The
SEAWOLF Program has made steady
progress in utilizing the design data
base to improve the efficiency of the
other phases of the ship's life cycle.

The Program Manager of any future
weapons system acquisition will be
charged with the responsibility to
implement a strategy that more
completely integrates ship design,
construction and logistics. The only
method to affordably accomplish that
task is to create and utilize snared
electronic data bases. The
achievement of an essentially “paper
lessn environment that supuorts a free
flow of data between life cycle phases
is a significant goal that successive
programs should undertake as a
principal requirement. The Department
of Defense has recognized the need for
computer aided acquisition and
logistic support systems and has
formulated policy that mandates the
creation of government accessible
electronic data bases. The Program
Manager must require, as part of the
contract, the tasking to create and
utilize data bases in a program
tailored to support the life cycle.
The lessons learned by the SEAWOLF
program in this field are a major
milestone in the effort to more fully
realize the potential of advanced ship
production techniques.
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ABSTRACT

Recent NAVSEA studies of a twin
skeg hull form design applied to a
T-AO type ship indicated many areas
of possible improvement in produci-
bi l i ty .

This paper reviews the findings
of producibility studies and at-
tempts to indicate specific areas
where an improvement in producibili-
ty and attendant cost savings for
Navy ships are possible without any
degradation in ship performance and
survivability.

Most available studies on pro-
ducibility have an inherent trait of
elaborating on details of shipyard
producibility. This paper attempts
to confine itself to the produci-
bility aspect of the design phase,
ending with the completion of con-
tract design. While it is of course
necessary for the Navy ship designer
to know about producibility details
of prospective building yards, he
must be careful not to incorporate
any details that may be restrictive
on some of the prospective builders
and thereby hinder competition.

Although the application of a
twin skeg hull form to the ongoing
T-AO program was determined by
NAVSEA not to be practicable because
of the advanced status of the ship
acquisition program, it was deter-
mined that the concept of the produ-
cible, designed-to-build ship was
worth further investigation for in-
corporation into future designs be-
cause of potential cost savings.

The paper concludes with recom-
mendations for a method of applica-
tion of producibility to the Navy
ship design process for MSC-operated
T-Ships.

INTRODUCTION

Producibility is defined as the
capability to manufacture, build or
assemble goods in a most cost-
efficient manner. For this paper,
producibility in the pure sense will
have to be subdivided as required
for the unique characteristics of
naval ship design. The normal ap-
proach to the design of highly effi-
cient details of construction cannot
always be fully applied to naval
ship design since the Navy’s design
activity stops at Contract Design
completion, and it is not known at
this point which of the prospective
shipbuilders w i l l  be awarded the
contract. The application of produ-
cibi l i ty to naval ship design is
further complicated by the fact that
there are usually fixed, and un-
changeable mission requirements
which are taboo and cannot be modi-
fied for any reason.

This paper examines which
aspects of producibility are applic-
able equally to the range of pros-
pective builders and can therefore
be incorporated in a Navy ship
design. The application of produci-
bi l i ty is discussed in three seg-
ments: Feasibility Studies, Preli-
minary Design, and Contract Design.

PRODUCIBILITY FOR NAVAL SHIPS

Applying producibility to U.S.
Navy ships is di f ferent than the
application to commercial ship de-
signs, considering that any Navy
ship design must comply with the
procurement methods and rules that
have to be followed by government
agencies. This means that the tech-
nical configuration and data in a
bid package must permit all prospec-
tive builders to bid on the procure-
ment in a fair and even competition.
Maximum producibility would require
a ship to be designed for construc-
tion in a specific predetermined
production facility.
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Producibility for Surface Combatants

A naval combatant’s primary
functions have priority over normal
economy and producibility considera-
tions in order not to degrade
mission effectiveness. For example,
high-speed small size and advanced
naval surface combatants are usually
weight sensitive and cannot normally
tolerate the small weight increases
associated with producibility con-
siderations without a deterioration
in their mission effectiveness. For
these ships, it is, therefore, of
the utmost importance to consider
producibility and the attendant ben-
efits and penalties during the
earliest feasibility study phases.
This approach minimizes performance
decline and makes it possible to
develop some general guidelines for
the application of tempered pro-
ducibility for these vessels.

Producibility for T-Ship Designs

T-ships are usually designed to
commercial requirements with the ex-
ception of certain. “fenced” areas
for mission-critical systems. These
areas depend on the ship type and
mission, and are usually invoked by
very detailed specification
language. T-ships are usually rela-
tively slow speed vessels (20 knots
or less) which are somewhat akin to
comparable commercial vessels and
are therefore not as sensitive to
the slightly greater weight usually
associated with a producible ship
design. The Navy’s damaged stabil-
ity criteria, as applied to T-ships,

not conducive to producibility
due to limitations on compartment
length.

Producibility in General

Primarily, this paper primarily
investigates the application of
producibility to commercial-like,
“T-Ship design,” since that is
apparently the area where the most
benefit may be obtained. To apply
producibility, one must obviously
first know the number of ships to be
built, since the design effort
expended to obtain a producible ship
varies directly with the number of
ships to be built. Only a minimal
effort is justified when one ship is
built from the design and a much
larger effort can be made as the
number of units to be built in-
creases until the economy of scale
curve levels off. The discussion of
producibility is subdivided into
Feasibility Studies, Preliminary
Design, and Contract Design phases.
The most benefit can be gained in
the early feasibility stage and the

least benefits are obtained in the
later phase of Contract Design. The
maximum effort must therefore be ex-
pended in the early design stages.
In other words, the return for
producibility efforts is maximum in
the beginning of the design project
and declines to a minimum as the
design matures at the end of Con-
tract Design. The return from pro-
ducibility efforts increases again
during the Detail Design effort due
to shipyard appiied erection joints
and details of assembly. A possible
general approach to producibility in
naval ship design would be:

1) determine the number of ships
to be built;

2) determine the possible range of
prospective U.S. shipbuilders
and their individual production
methodology and facilities; and

3) determine ship size and com-
partmentation by evaluating
stability, mission require-
ments, and producibility con-
siderations such as -frame
spacing, plate thickness, and
possible erection joint loca-
tions to suit all prospective
builders.

PRODUCIBILITY IN NAVSEA

Background

The Naval Sea Systems Command
(NAVSEA) has a long history of con-
sidering producibility in conjunc-
tion with ship design. For example,
producibility improvement has been a
serious concern in the design stages
for the T-AO 187 and DDG 51. As
recently as 1985, the NAVSEA Naval
Architecture Subgroup (SEA 55W) pro-
posed a Twin-Skeg Integrated-Hull
design concept (2) (references are
listed at the end of the paper) as
an alternate ship design for the
T-AO 187 program. This alternate
design incorporated some unique hull
form characteristics and certain
design-to-build features. The pro-
ducibility features considered were
as follows:

o Maximized areas of flat
plate.

o Maximized areas of single
curvature, for remaining
shell plating.

o Increased frame spacing
and reduced numbers of
piece parts in structural
assembles.
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o Standardized brackets and
web frames, and use of
bilge brackets in lieu of
longitudinal stringers in
the bilge turn area.

o Carefully arranged erec-
tion joints.

The intent of the Twin-Skeg
Integrated Hull Design for the T-AO
was to achieve procurement cost sav-
ings with an integrated hull form,
basic arrangement, and structural
configuration which were aimed at
improved producibility. Simultane-
ously, the Twin-Skeg T-AO design
provided equal (or better) ship per-
formance and intact and damaged
stability characteristics, relative
to that achieved with the existing
T-AO 187. The evaluations presented
below emphasize the analyses of the
producibility concepts which may af-
fect the ship general naval archi-
tectural characteristics and per-
formance, particularly in the areas
of intact and damaged ship sta-
bility, and the producibility
“lessons learned.n The hydrodynamic
performance of the Twin-Skeg T-AO
design (including powering/fuel con-
sumption, and seakeeping and maneu-
vering performance) is the subject
of another paper (1) and is not
discussed herein.

Twin-Skeg T-AO Design & General De-
scription

The same general constraints
and requirements that applied to the
T-AO 187 were also applied to the
Twin-Skeg T-AO hull. These con-
straints included general hull para-
meters, namely length, depth, draft,
beam, speed/power, cargo capacity,
deck arrangements, and major water-
tight subdivision. The Top Level
Requirements (TLR) for the T-AO 187
was also applied to the Twin-Skeg
T-AO configuration.

The T-AO 187 Class Fleet Oiler
has been designed with the maximum
utilization of commercial standards
except for the following systems
areas, which were subject to U.S.
Navy design standards:

UNREP
Cargo Handling
VERTRHP
Degaussing
Navy Communications 
Electrical Distribution
Philosophy
Steering Gear
Nixie
Helicopter Platform
Helicopter Control Station

The application of the proposed
alternate hull form to the -T-AO 187 ,.-
Class Fleet Oiler program had to be
accomplished in a relatively short
time. To save time, NAVSEA decided
to utilize the existing deckhouse,
weatherdeck arrangements and UNREP
arrangement, and concentrate efforts
in the areas affected by the pro-
posed alternate hull form.

DESIGN CONSTRAINTS

Hull Form Design and Appendages

The final hull form of the
Twin-Skeg T-AO design was basically
derived from the material presented
in (3), with the addition of a
NAVSEA-designed bulbous bow. The
proposed Twin Skeg T-AO design has
the following distinctive features
when compared to the existing T-AO
187 design:

The

Maximum utilization of
flat or single curvature
plating, except for the
bulbous bow and the twin
skegs;

Twin side skegs, extending
from near amidships to
about station 19;

Two 26-foot diameter, slow
turning (60 rpm) skewed
propellers;

A large, Nabla-type bulb-
OUS bow;

A relatively large stem
radius and soft shoulder;

A wave-knife stem;

Larger frame spacing;

Use of flat bars where
possible in lieu of angles
or tees.

final version of the Pro-
posed Twin-Skeg T-AO hull form is
depicted in Figure 1, which compares
the Twin-Skeg T-AO and the T-AO 187
body plans. Table 1 lists the prin-
cipal characteristics of both hull
types.

The Twin-Skeg T-AO design con-
cept concentrates not only on the
producibility aspect but also on the
hydrodynamic performance (l). With
respect to the producibility aspect,
the Twin-Skeg T-AO hull form incorp-
orates significant amounts of flat
hull surface and single curvature
shell  plating. The producibility
concept of the Twin-Skeg T-AO resul-
ted in a fuller and flatter forebody
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optimum hydrodynamic performance at The final Twin-Skeg T-AO hull
design speed ‘rather  than at the
speed at which the ship, according
to the peacetime speed-time profile
from the TLR , operates for the
majority of its time (greater than
75 percent). In order to cancel the
bow wave which is generated by the
relatively blunt bow (note that the
Twin-Skeg T-AO entrance half-angle
is 16 degrees, whereas that of the
T-AO 187 is 10 degrees), the origi-
nal Twin-Skeg hull form was equipped
with a relatively large bow bulb.
This bulb resulted in a very good
powering characteristic high
speed but also a relatively high
fuel consumption penalty at off
design (ballast condition) drafts,
particularly at low speed. Subse-
quently, the originally designed bow
bulb was replaced with a smaller,
NAVSEA-designed bulbous bow (l).

The original Twin-Skeg T-AO had
a large Nabla (inverted triangle)
type bulbous bow, with the top of
the bulb at the design waterline.
This bulb resulted in a significant
fuel consumption penalty at off-
design drafts, particularly at low
speed (12 to 14 knots).

has a NAVSEA-designed bulbous bow
which is optimized for the ballast
condition, and the top of which is
about 24 feet above baseline versus
a 34 feet 6 inch design draft.

The Twin-Skeg T-AO hull form
has more “flat plate” content. than
the T-AO 187 and most of the Twin-
Skeg T-AO curved shell” plates are
single curvature. The forebody has
a distinct knuckle line where the
side shell plate changes from a near
vertical lower hull into the bow-
flare of the upper hull.

The Twin-Skeg T-AO hull has two
large 26-foot diameter, four-bladed,
skewed CRP propellers. The propel-
ler shafts are supported and
enclosed by two asymmetric side
skegs extending from near amidships.
These skegs are of substantial cross
section and are designed as box
girders, continuous through the
shell in order to serve as propul-
sion machinery foundations. The
skegs have planar outboard sides and
bulbous inboard sides, and are
shaped to create pre-swirl for the
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propellers. The skegs are toed in
aft at an angle of 2.29 degrees with
respect to the ship centerline.

At the extreme stern is a Vee-
shaped centerline skeg. It func-
tions primarily to protect the rela-
tively flat bottom under the stern
overhang from slamming damage. A
more detailed description may be
found in (l).

Two horn type rudders of rela-
tively large size, with an area of
about 395 square feet each, are fit-
ted. These require a steering gear
capable of producing a total of 18
million inch-pounds of torque to
operate both rudders. By comparison
the T-AO 187 has a rudder area of
295 square feet for each rudder and
a steering gear capable of a total
of 12 million inch-pounds of torque.

The forebody of the twin-skeg
hull form consists of rather extreme
U-shaped sections with nearly ver-
tical sides, except for the small
knuckle portion at the upper ends.
The afterbody inboard of the skegs
consists of straight line sections
parallel to the baseline.

Structure

The structural configuration is
intended to maximize producibility
through the reduction of the number
of piece parts. The web frame
spacing of the Twin-Skeg T-AO is 14
feet 6 inches throughout the longi-
tudinally framed cargo-area, vice 10
feet in the T-AO 187. The bow and
stern areas are transversely framed,
with 36-inch frame spacing compared
to 24-inch spacing in the T-AO 187.

The depth of the floors and of
the centerline vertical keel in the
cargo area is 10 feet O inches in
the Twin-Skeg T-AO, compared to 7
feet 6 inches and 4 feet 6 inches,
respectively, in the T-AO 187. On
the Twin-Skeg T-AO these members are
fitted with a large face bar and
form a level surface on which to
land the upper hull structure
modules.

There are no transverse struts
fitted in the wing tanks. Deeper,
slightly heavier web frame sections
are used instead to reduce the
number of structural pieces.

The bilge area has no longitu-
dinal frames, resulting in relative-
ly heavy, l-1/4-inch bilge plates to
resist buckling. In lieu of longi-
tudinal, bilge brackets, Figure 3,
are fitted every 4 feet 10 inches.
This results in two bilge brackets

per side between every two web
frames. Transition strakes are pro-
vided as appropriate to transition
between the heavy bilge plating
(1-1/4 inch) and the side and bottom
shell plating thickness (5/8 inch).

Flat bar longitudinals are used
at the main deck. At the side and
bottom shell, and at the longitudi-
nal bulkhead, longitudinal are
angle sections all with 4-inch
flanges, with only the depth of the
web and weight varied to suit the
location.

All effective longitudinal
plating and members are of ABS grade
higher strength steel AH-36 or AH-
32, except the stringer and sheer
strakes and the bilge strake, which
are of more notch tough ES-36 to
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The forepeak tank has been di-
vided horizontally into an upper and
lower peak tank at the top of the
bulb . This prevents the otherwise
overly large single forepeak tank
from being filled completely and
possibly over-stressing the hull
girder in the process. The smaller
forepeak tanks cannot overstress the
hull . This is common practice on
ships with relatively large bulbs
and attendant large forepeaks.

The tank arrangement shown in
Figures 5 and 6 is the result of the
iterative design process involving
damaged stability and structural
strength analyses.

Cargo Pump Room

The cargo pump room on the
Twin-Skeg T-AO is 87 feet O inches
long from frame 23 to frame 29, in
the center tank area, between the
two main longitudinal bulkheads
which are 23 feet 3 inches off
centerline. The cargo pump room is
divided into two segregated motor
rooms and surrounded by the pump
room, Figures 7 and 8. Outboard of
the cargo pump room are two wing
tanks each, port and starboard.
Compared to this, the T-AO 187 has a
100-foot long cargo pump room which
is divided into three segregated
motor rooms, three pump rooms and

two manifold rooms. Outboard of the
cargo pump room are- three wing tanks
each, port and starboard.

Machinery

The propulsion machinery plant
is located in one machinery space,
frame 41 to frame 61, and consists
of two medium speed, ten-cylinder
vee-type diesel engines. Each
engine is capable of providing
16,500 BHP at 400 RPM.

The propulsion plant is de-
signed for unattended machinery
space operation, with the ABS clas-
sification ACCU. The engine room
extends vertically from the tank top
up to the main deck. There are four
general levels of equipment
engine room, the tank top,
foot, the 25 foot, and the
levels.

General Concept Evaluation

in the
the 14
40 foot

The Twin-Skeg T-AO structure
had been designed according to the
American Bureau of Shipping (ABS)
Rules for Building and Classing
Steal Vessels, 1987. The initial
Twin-Skeg T-AO general arrangement
and compartmentation had to be adap-
ted to be similar to the configura-
tion of the existing T-AO 187 Class
Fleet Oiler so that the same mission
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T-AO 187

FIGURE 7

requirements could be achieved.
Therefore, the degree of freedom in
the design of the Twin-Skeg T-AO
design was significantly less than a
new design would have been.
Extensive concept evaluation, inclu-
ding detail weight estimates, longi-
tudinal strength, and damaged sta-
bility analyses were performed for
the Twin-Skeg T-AO . The final
compartmentation of the Twin-Skeg
T-AO evolved after six iterations of
detail longitudinal strength and
damaged stability analyses.

The overall objective of the
Twin-Skeg T-AO was aimed at improved
producibility with little or no deg-

PUMP ROOM (PLAN)

radation in hydrodynamic perform-
ance. The twin-skeg bulbous bow was
therefore designed to offset any ad-
verse hydrodynamic effect which
might be imposed by the producible
hull form. The overall hydrodynamic
performance was found to be better
than the existing T-AO 187 Class
Fleet Oiler (l). Rowever, the twin-
skeg did impose some design prob-
lems, particularly in the areas of
damaged stability and longitudinal
bending moment. Figures 2 and 9
display the sectional area curves
and longitudinal weight distribu-
tions of the T-AO 187 and Twin-Skeg
T-AO . The Twin-Skeg T-AO did pos-
sess more buoyancy than the existing .
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T-AO 187 from
However, the
restricted the

stations 15 to 18. adverse effect caused by the skegs
design configuration with respect to damaged stability
deck house location. was rectified by designinq a shorter

Figure 9 clearly shows that the
longitudinal weight distribution for
the Twin-Skeg T-AO is significantly
different from the T-AO 187. The
effect, in terms of damaged sta-
bility for the longitudinal weight
distribution increment, was found to
be far more than the buoyancy
increment from the twin-skeg.
twin-skegs were also found to have
some difficulties in counter
flooding. The end products of this

machinery space for “ the- Twin-Skeg
T-A9 .

The tunnel created by the twin-
skeg configuration was not conducive
to the development of a functional
machinery arrangement within the
reduced space since the hull is much
shallower in the area of the machi-
nery room. At midlength of the
machinery space, the Twin-Skeg T-AO
tank top is 11 feet above baseline



T-AO 187 VS T-AO TWIN SKEG
FIGURE 9 COMPARISON OF LONGITUDINAL WEIGHT DISTRIBUTION

between the skegs and 24 feet above
baseline from the inboard side of
the skegs to the ship side. In ad-
dition, the ship bottom between the
skegs rises rapidly in the aft
direction, dictating the 11 foot
tank top height. In coinpazison, the
T-AO 187 Class has a tank top 6 feet
high. In effect, the T-AO 187 ma-
chinery space has one more useable
level.

The final length of the Twin-
Skeg T-AO machinery space was re-
duced to 60 feet to obtain
satisfactory results for damaged
stability. These machinery arrange-
ment sketches were developed with
the primary emphasis on fitting
equipment into the space and only
secondary emphasis on proper adja-
cency and access for maintenance.
While the equipment was made to fit
into the space available, it is not
considered a satisfactory machinery
arrangement by NAVSEA standards. If
this were a completely new design,
there would be greater flexibility
to balance the conflicting require-

ments that drove the Twin-Skeg T-AO
configuration. Therefore, an ade-
quate machinery arrangement in a
larger compartment could probably be
developed, but this would require an
additional analysis.

TWIN-SKEG T-AO PRODUCIBILITY EVALUA-
TION

Producibility is systematic
planned production, coordinating,
and directing of all manufacturing
activities and influences to ensure
having goods designed and made in
the most efficient procedure and
configuration, on time, of adequate
quality, and at the lowest practical
cost.

As mentioned earlier, current
U.S. Navy practice, any design for
producibility must consider the pro-
curement methods and rules that have
to be followed by law. This in
general means that the technical
configuration and data in a bid
package must permit all prospective
builders to be able to bid on the
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procurement in a fair and even
competition. This procedure may not
always permit optimum producibility,
which would require the ship to be
designed to be built by a single
shipyard. Maximum optimization of
producibility is only possible by
designing around a given production
system/equipment, to the consequen-
tial exclusion or handicapping of
others with slightly different pro-
duction systems and equipment. For
this reason, the T-AO 187 midship
section drawing was made a Contract
Guidance Drawing in lieu of the
usual Contract Drawing. This allows
prospective shipbuilders to optimize
the ship structure to suit their
particular production methodology
and to adjust such details as
longitudinal and web frame spacing
for their individual panel lane
characteristics. It also permits
the trade-off of fewer, heavier
piece parts versus additional weld
passes, considering that fillet weld
size is driven by the thickness of
components to be joined.

The next consideration of pro-
ducibility is the number of “ ships
to be built to a single design. The
efforts expended on producibility
will vary to an extent, depending
upon the number of ships to be
built.

The Twin-Skeg T-AO is a simpli-
fied, integrated and design-to-build
hull with a structure designed for
producibility, with specific details
of construction. The web frame
spacing is 14 feet 6 inches versus
10 feet O inches on the T-AO 187.
This reduces the number of web
frames in each compartment between
subdivision bulkheads from three to
two, but individual components and
plating tend to be heavier since the
distance between unsupported plating
is larger. In 1986, NAVSEA
performed a design study for the
AO 177 Jumboization program which
indicated savings of 44 LT (2.9 per-
cent) in Group 1, and 4.1 percent of
Group 1 labor, by changing from 9
feet to 12 feet web frame spacing in
the plug , using standard NAVSEA
structural design practice. There
is also a smaller number of trans-
verse bulkheads, longitudinal stif-
feners and frames and floors.
Table 2 provides a comparison of the
number of piece parts required for
certain components on the Twin-Skeg
T-AO versus the T-AO 187.

The deliberate absence of lon-
gitudinal stiffeners in the bilge
area reduces the number of piece
parts but requires the bilge plate
thickness to be l-1/4 inch, with

appropriate transition strakes 11/16
inch thick, inboard and above the
bilge plate to the normal 5/8 inch
bottom and side shell thickness.
The absence of longitudinal in the
bilge area also requires two bilge
brackets between each set of web
frames, or six bilge brackets per
side per compartment of 43 feet 6
inches. These bilge brackets are
half-moon shaped with a flange along
their top edge and a flat bar panel
stiffener at mid bracket. The ends
of this bracket are fitted against
the longitudinal stiffeners at the
top of and inboard of the bilge
plate. These bilge brackets are de-
picted on Figure 4. The work con-
tent of these brackets will par-
tially offset the gain from the
deletion of the longitudinal stif-
feners in the bilge area (as will
the heavier bilge plating).

develop a construction
(erection sequence) plan ahead of
the actual design work is a prudent
approach for the selected shipyard
when planning a detail ship design.
However, considering the Navy pro-
curement system, to apply this con-
struction plan, it must be designed
to suit all prospective builders
equally. This requires access to a
current data base on shipyard facil-
ities, including such information as
maximum crane lift capacity, panel
lane characteristics, and module or
raft transport capabilities.

The original Twin-Skeg T-AO
structural concepts contained a
variety of construction details
which, while certainly most suitable
for producibility, exceed the amount
of detail usually depicted on NAVSEA
Contract and Contract Guidance draw-
ings for T-ships.

The erection sequence plan for
the Twin-Skeg T-AOI indicating unit
break location, was also provided.
The unit breaks indicated were based
on ideally sized modules rather than
considering the existing crane capa-
cities of a prospective range of



shipbuilders. The crane capacity of
the eleven U.S. shipyards capable
of building Twin-Skeg T-AO size
ships ranges from a low of four 40-
LT capacity cranes to a high of one
1,200-LT crane over af building way,
allowing a range modules for
erection from 80/160 to a maximum of
1,200 LT.

Because of the attendant prob-
lem with the various size module
requirements, it was decided not to
indicate any unit breaks. But
assumed unit break locations were
considered in the development of the
structural configurations. Uninter-
rupted sequence of erection was
achieved” by assuring that no equip-
ment is located across unit breaks
which would prevent the pre-
outfitting of modules in question.

Floors and bulkhead plating are
installed up to a uniform height of
10 foot above baseline on the bottom
shell. All these vertical plates
mounted on the bottom shell are
‘capped” with face bars presenting a
level flat surface lower module on
which to land the upper hull modules
with relative ease.

Where knuckles occur in the
shell or deck plating, they are
located within a few inches of a
deck or longitudinal bulkhead re-
spectively. This location allows
ease of construction; for example,
it permits the slight lengthening of
the end cut-away of stiffeners or
webs to free the knuckle rather than
perform another radius cut-away over
the knuckle joint. The Twin-Skeg
T-AO has fewer double curvature
plates because of its simplified
hull form. Table 2 gives a
comparison. Single curvature plates
are easier to construct and assemble
since less fitting time is required.

The use of standardized parts
of structure for Navy T-ship designs
would require the prospective ship-
yards to agree on the use of the
same standard structural details and
parts. The Twin-Skeg T-AO is de-
signed to maximize machine welding
and to avoid, where practicable,
structural configurations that would
require manual welding and fit-up.
This approach has advantages, but
the details of how to accomplish
this are shipyard specific. Navy
designs must be developed to allow
prospective bidders to pursue their
most efficient methods of produc-
tion.

To summarize the producibility
of the design-to-build Twin-Skeg

T-AO in the Navy procurement system,
the following comments apply:

1. The design-to-build Twin-
Skeg T-AO has distinct
advantages in simplicity
of construction, and its
prospective application to
a new design T-Ship can
result in substantial cost
savings due to the simpli-
fied hull shape, and to
the simplified structural
arrangement. Specifical-
ly , the Twin-Skeg T-AO
structural concept fea-
tures fewer, but heavier,
harder to form pieces;
minimized bending of
plates and double curva-
ture plates; longer frame
spacing, and components
serving more than one
purpose, such as floor and
foundation.

2. The design-to-build empha-
sis must begin in the
Feasibility Study phase,
where the designer should
consider, based first on
the ship parameters, the
range of the prospective
builders capabilities, and
general producibility,
considering the combined
production characteristics
of all builders. The pro-
ducibility features incor-
porated here will have to
be considered every time
design changes are contem-
plated.

3. The emphasis on the
design-to-build concept
must continue through Pre-
liminary and Contract De-
sign. All appropriate
sections of the ship spe-
cifications should have
proper requirements assur-
ing maximum consideration
of producibility in the
Detail Design process,
which is normally per-
formed by the builder.

CONCLUSIONS

The results of these studies
indicate certain areas of possible
improvements, particularly in produ-
cibility and hydrodynamics. The
Twin-Skeg T-AO concept presents no
unsolvable technical problems, al-
though damaged stability is marginal.
and machinery space arrangements are
unacceptably tight with the current
design constraints. If the degree
of commonality with the T-AO 187
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were relaxed, giving the designer
more flexibility, the damaged
stability characteristics could be
improved. The concept of the pro-
ducible, design-to-build ship is
certainly worth further investi-
gation for possible application to
future high-speed naval auxiliary
designs because of the potential for
acquisition and life cycle cost
savings.

This evaluation indicates that
the producibility of future auxil-
iary ship designs can be improved
upon by adopting longer frame
spacings and simplified structural
schemes to reduce the number of
piece parts, and by minimizing hull
curvature, especially double curva-
ture plates. The potential improve-
ments, however, would not be
realized if these concepts were ap-
plied to an existing shipbuilding
program. These concepts should be
considered for new auxiliary ship
designs, where weight sensitivity
can be traded off against produci-
bility, and where the design and
program start-up costs would be ap-
plied only once.

RECOMMENDATIONS

Guidelines for the application
of producibility should be devel-
oped, possibly subdivided into three
phases -

1 Feasibility Studies

I I Preliminary Design

III Contract Design

The following is an example of
how producibility guidelines for
T-ship design could read. Please
note that this is only an example
since the development of actual
guidelines is well beyond the scope
of this paper.

Phase I - Feasibility Studies

o Number of ships planned.

o Approximate
tics.

Limiting
water )

- Limiting
Lawrence

- Limiting

o Approximate
ship speed

ship characteris-

drafts (air and

beam (PANMAX-St.
Seaway)

length

power required
(step function

prime mover availability
require larger engine room).

for
in

may

o Lea.St curvature hull form com-
patible with speed requirement
and seakeeping.

o Establish nonexclusive list of
possible builders and prepare
general guidelines based on
these builder’s capabilities.

Module size and weight
(maximum) for lift, turn
and horizontal movement of
modules.

o Establish data base on build-
er’s facilities (most data
exists with MARAD).

Phase II - Preliminary Design

Do not use sheer.

Use straight camber only where
required for weather deck
drainage.

Establish common panel lane
characteristics.

Make midship section drawings
Contract Guidance and require
shipyards to submit their mid-
ship section for approval.

Use flatbar stiffening wherever
practical, if angles are used
vary only the web depth and use
same flange width throughout.

Use as few variations in bar
stock size as practical.

Design configuration of struc-
ture with the fewest possible
piece parts.

Select the optimum (largest)
frame and longitudinal spacing
possible within the compartmen-
tation required for stability.

Leave production details, such
collaring of stiffeners

penetrating bulkheads or other
plated boundaries generally
undefined to permit the indi-
vidual builders maximum use of
their own methodology.

Establish limiting plate thick-
nesses for availability and to
avoid progressive weight gain
(requirement for transition
thickness plates to limit steps
in plate thickness).

Establish common weld pass
steps based on plate/stiffener
thickness, which is driven by
stiffener/web spacing distance
(i.e., plate./stiffener thick-
ness at which welding would
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require going from one to two
weld passes).

V-1ine boundaries should be
established as early as prac-
ticable to allow the location
of cable and pipe trunks within
those boundaries prior to
fixing the location of all
spaces to be serviced by these
cable or pipe trunks.

Establish minimum number of
different deck height dimen-
sions for all levels throughout
the ship.

Minimize the number of differ-
ent size and type closures,
scuttles, and accesses through
standardization. Standardize
room/space sizes within
arrangement constraints.

Align and locate all Sanitary
spaces to simplify piping.

Generate parameters for com-
bined module characteristics
equally suitable to the range
of candidate builders.

Document the selected para-
meters for the design project
at hand and require their use
as guidelines throughout the
design process.

Phase III - Contract Design

For ease of reading we have ar-
ranged the recommended general
producibility guidelines for this
phase by the SWBS category in which
they most likely fall.

042 - General Administra-
tive Requirements

 To minimize the number of
deviations and waivers, the
specification should be
written in a performance re-
quirement format wherever
possible to permit the pros-
pective builder a maximum
latitude in the equipment
selection and system config-
uration design.

o Contract and Contract Guid-
ance drawings should only
depict the amount of details
in construction that are
required to assure satis-
factory performance.

070 - General Requirements
for Design and Construction

o Applicable bridge and canal
clearances required should
be clearly stated. 

Cofferdams and voids should
only be used where abso-
lutely necessary.

By using a proper overall
design approach, it is
usually possible to colocate
spaces of similar contents
where the adjacency would
not require cofferdams.

Structural boundaries should
serve more than one purpose
whenever possible.

071 - Access

The equipment module design
needs to incorporate the
special access requirements
on Navy T-ships. This re-
quires tempering the produ-
cibility aspect of a system
design by considering dam-
age control repair access
requirements.

Access openings should be
designed so as not to be
located on erection joints
which would prohibit the
preinstallation of access
closures in all modules.

072 - Survivability

Survivability requirements
which, among other things,
require the separation of
crew accommodations are con-
trary to producibility but,
of course, necessary. A
compromise will have to be
made between separation of
crew and alignment/adjacency
of similar function spaces.

077 - System Safety

The application of producib-
ility guidelines to ship
systems normally has no in-
pact on system safety; in
fact, these producibility
considerations enhance sys-
tem safety as a byproduct
(for example, cable trunks
confine electrical fires and
could be arranged for Halonon
flooding).

100 - Hull Structure

All guidelines enumerated
under Phases I and II apply
also to Phase III but will
not be listed again.

Minimize the number of piece
parts.
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Optimize frame and web spac-
ing against weight and num-
ber of weld passes.

Depth of inner bottom must
consider module size for
lifting/handling

Length of modules to suit
steel availability.

Consider pipe passages and
piping system, flange or
muff pipe joints at erection
joints.

Consider duct and cable pas-
sages in trunks to have-

fewer penetrations.

Consider extent of trans-
verse and/or longitudinal
framing.

Assure that the rudder sup-
port structure is segregated
from the aft peak tank, so
that the aft peak tank test
does not depend on the rud-
der being in place.

Align structure with equip-
ment foundation requirements
(one component - two func-
tions).

200 - Propulsion Plant

Prepare a preliminary list
of candidate equipment.

Establish functional groups
for skid/module arrangement.

Consider and select mainte-
nance philosophy (change-out
or repair in place) before
determining connections,
pipe joints, bolted plates
and flanges.

Use commercially available
equipment without modifica-
tion.

Limit Navy type equipment to
within the "fenced areas.”

Standard system modules
should "be developed for the
following:“

- Fuel oil purifiers,
pumps, and other compo-
nents.

- Lube oil purifiers,
pumps, and other equip-
ment.

- Fire pumps.

- Air compressors, deny-
drators, receivers, and
other equipment.

Distillers and fresh
water treatment system.

The foregoing. examples of
system modules are for illus-
tration and not all inclusive.

300 - Electric Plant

Diesel generator set modules

Switchboard modules

Consider adjacency of gener-
ator and switchboards
(over/under, etc.)

Assure switchboard is in
relatively clean room and
not in the engine room
proper.

Emergency genarator set mod-
ule.

Standardize
motor/starter -
skid modules to
extent possible.

Develop
battery/battery
service modules.

electric
pump, etc.,
the maximum

standard
charger and

Develop standard M-G set
skids & modules.

400 - Command and Surveil-
lance

This group consists usually
of “fencedw systems, and is
composed of Government Fur-
nished Equipment (GFE).

Develop standard T-ship Navy
communications room arrange-
ment with a goal of a pre-
outfitted space module.

This would permit more
flexibility in scheduling
the work on GFE.

500 - Auxiliary Systems

Standardize pump skids and
instrument boards.

Standardize on the fewest
practicable HVAC modules.

Develop standard refrigera-
tion modules.

Modularize auxiliazy boiler
and steam system.
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° Standardize hydraulic sys-
tems (tank, pump, and con-
trols).

600 - Outfit and Furnishings

° Deck houses should have flat
sides and square corners.

° Develop arrangement with as
many identical spaces as
possible.

° Develop spaces with standard
furniture arrangement within
each rank group.

° Develop spaces to accept
either whole or half panels
of a commercially available
marine sheathing.

° Align service (pipe, cable
or duct) receiving spaces
vertically.

700 - Armament

° Continue implementation of
modular weapons system in-
stallations.

The foregoing, as stated previ-
ously, does not pretend to be all
inclusive, but rather a guideline to
possible areas of producibility ap-
plication during the ship design

process as it applies to T-ships.
We realize that any one of the items
listed could be the subject af a
separate paper on producibility. We
hope that this paper might motivate
some thought in the direction of
finding procedures to develop more
producible Navy ship. designs in the
future.
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ABSTRACT

Much attention has been given in
recent years to the problem of reducing
ship construction costs. This has
primarily emphasized the improvement of
production techniques, processes and
management controls. There is a great
deal that can be accomplished in
reducing ship construction costs,
however, by improving the producibility
of the design of the ship. The design
of a more producible ship requires
concurrent product and process design.
Various principles and techniques can
be applied throughout the design
process in order to reduce the
construction manhours required by
ensuring that the manufacturing
attributes are considered. This paper
identifies some of the key principles
involved and describes the techniques
for applying the principles. A
practical approach to estimating the
cost benefit of alternative designs by
estimating the labor input differential
between the desiqns 25 also presented.
Finally, specific examples of the
application of the producibility
techniques to several recent ship
designs are included.

INTRODUCTION

In recent years there has been a
concerted effort by many in the marine
industry to reduce the cost of
shipbuilding in the U.S. Much of this
effort has focused on concepts such as
modular construction, preoutfitting,
new production processes, improved
management control systems and the
application of computers. There is an
area which has received only limited
attention: the reduction of costs as a
result of making a ship cheaper to
build by making it easier to
construct. All too often reducing the
cost of a ship has automatically
focused on the removal of capabilities
such as size, displacement, speed,
payload or other features. The
application of producibility in design
concentrates on reducing the cost of

building the ship without a reduction
in capabilities.

Producibility in design is not a
new concept. It is routinely applied
in many industries. Unfortunately, in
the shipbuilding industry, perhaps
because of the very complexity of the
task, we have tended to lose sight of
the concept. Even when we talk about
"produciibility", we tend to use the
term in a "ago/no-go” sense. The
question here becomes “Can the design
be built?” not “Should it be built the
way it is designed?gt

There is an increasing awareness
of the need to put the design engineer
and the production engineer back
together. It has been termed
"concurrent product and process design”
by some. In reference (1) the authors
have termed it “design to build”, but
the goal is the same. It is not to
make the design merely producible, but
to make it producible at the lowest
cost.

This team approach to ship
construction originated in the U.S.
shipbuilding programs of World War II
when speed, not cost was the driving
factor. Men like Henry Kaiser applied
mass production techniques to the
construction of a basic ship design
such as the Liberty ships. Since thenr

the approach has been further developed
and refined by major shipyards in
various countries throughout the
world. The goal was to reduce costs.
That is the only way to compete in the
international market. The techniques
have been reintroduced to U.S.
shipyards in recent years with the
adoption of modular construction and
preoutfitting in block. However, there
is a step beyond which can be taken.
That step is to reflect the production
considerations back into the design and
to adapt the design to use the lowest
cost construction techniques.
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In reference (2), Hiroshi Sasaki
described the highly successful IHI
approach and the technology the
Japanese have transferred to some of
our shipyards. He emphasized the
leadership role which is required of
design engineering and the need for
design and production engineering to
work together. He clearly states
"Design engineers cannot contribute to
cost reduction as long as they consider
their job as simply producing
drawings. They should be aiming at
minimizing production man-hour
requirements.“

This paper describes specific
approaches to the design engineering
process which can be used to reduce the
required production man hours through
the consideration of the manufacturing
attributes of ship construction.

Achieving cost reduction in ship
construction through design
producibility is not easy. Nor is it a
one-time task. It is not a task with
one big effort followed by a great
savings. Rather it is a series of
steps, some large, some small, which
result in savings, some large, some
small but the total of which makes a
big difference in the final cost. It
cannot be delegated to a computer, but
computers can assist in the process.
It requires that detailed howledge of
the production process be applied
continuously throughout the design
cycle.

When successfully applied,
producibility in design can produce
great rewards. How to incorporate
producibility in a ship design and an
approach to estimating the cost savings
is the subject of this paper.

PRODUCIBILITY PRINCIPLES IN
SHIPBUILDING

There are only two principal areas
in which to reduce costs in applying
producibility principles in ship
design: the material costs and the
labor costs. While savings in material
costs are always possible through
better selection, specification and
purchasing, the total possible savings
is limited. Engineers are
traditionally concerned about the cost
of the material that they specify.
However, the labor cost is not as
obvious and is therefore not given
equal attention. Producibility in ship
design must therefore primarily focus
on reducing the manhours required to
construct the ship.

The basic principle of the
application of producibility principles
to shipbuilding is to identify elements
of the ship design which, if changed,

would allow the ship to be built for
fewer manhours and/or less material
cost without modifying the ship’s
operational or maintenance performance
requirements.

The overall approach is therefore
to: simplify the work processes,
reduce the labor input, reduce the
number of steps, reduce the number of
pieces, reduce the number of different
pieces, and increase repetition.

Certain of the principles
enunciated below are of significance
regardless of the type of construction
a shipyard employs. Other principles
however, are directed toward
facilitating the use of modern modular
construction techniques. This is the
construction of a ship in units which
are almost completely outfitted before
erection and assembly. Included in the
process is the fabrication of machinery
in units comprised of machinery,
piping, controls and foundations.
These machinery units are normally
constructed in the shop and installed
in the hull at the appropriate time in
the construction process.

The producibility principles are
quite general and almost axiomatic.
The application of the principles,
however, when combined with a thorough
understanding of the ship construction
process and environment, can be
extremely effective in reducing costs.
For maximum effectiveness,
producibility must be considered at
every stage of the design -- from the
very earliest stages. Ideally, the
designer should be planning the
construction of the ship as he places
the first line on the paper or on the
computer screen. Even during the
earliest stages, unrecognized high-cost
features may be locked into the
design. Every decision made in the
design cycle may limit the application
of producibility cost-savings changes.
As an example, the knuckle locations on
the T-AGOS (SWATH “A”) were not located
near the bulkheads to minimize
construction costs but were already
fixed by hydrodynamic considerations at
the start of a major producibility
review.

The following is a description of 
the producibility principles which
should be applied in the design of any
ship to minimize construction costs.
The application of these principles
requires a team effort with the
coordinated experience and knowledge of
the ship designer, production engineer
and production planner focused on the
problem of reducing costs.
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Number of Parts

Reduce the total number of pieces
which have to be manufactured, tracked,
assembled and installed. Following the
reasoning contained in the
frame-spacing discussion, there are
many areas in the hull where moderate
increases in the size or thickness of
some of the pieces can be traded for a
decrease in the total number of pieces
required. Decreasing the number of
pieces represents a savings in
man-hours required for the design,
fabrication, material handling and

. tracking, welding and fitting of the
pieces. Furthermore, the trade-off can
usually be accomplished with little or
no increase in structural weight and
may even result in a weight reduction.
As an example, Figure 5 shows a section
of the cargo tank structure of the
T-A0187 while Figure 6 shows the
structure of a producibility enhanced

Figure 4. Hull Structure - Curved
Interior

larger space will also improve the
worker’s productivity by easing the
problem of gaining access to and
working in the narrower spaces.

Figure 5. T-A0187 Cargo Tank Structure

Design for Modular Construction

Design the ship to facilitate
assembly and erection with structural
units, machinery units and piping
units. This is the key to modular
(unit) construction. BY building the
ship in units, the work can be spread
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The location of unit breaks also
affects the ease of erection. Joining
two units is easier if the joint in one
unit is stiff (near a joint) and the
other flexible (distant from a joint).
Joining two units also is easier if a
unit is designed to be landed on a flat
surface instead of joining two plates
edge to edge. Figure 8 shows an
erection sequence for a design
employing these design features.

Figure 8. Cargo Tank Erection Sequence

The early location of unit breaks
provides another benefit by permitting
the designer to locate the various
items of machinery and equipment in
positions which facilitate unit
outfitting. Any equipment which
happens to be located across a break
cannot be installed until after the
units have been erected. Equipment
which cannot be installed until after
the unit is erected on the building
ways is normally more costly to
install. Arranging the machinery and
equipment within a unit and avoiding
the breaks is possible only if the unit
break is known before the arrangement
is designed.

Limit Unit Size

Avoid excessively large units.
Unit sizes are frequently established
by the maximum lifting capacity of the
shipyard. However, as the unit
increases in size, the problems of
access, congestion and interference at
the work site increase. A very large
unit may present problems on the order
of building a small ship. Making use
of the maximum lifting capacity may not
be the lowest cost construction
approach.

Knuckles

Locate knuckles at unit breaks.
Do not place knuckles either at or
between bulkheads cr decks but 9-12
inches from the balkhead or decks where
the breaks will be made. Knuckles are
easier to fabricate if they occur at a
unit break than if they occur midway in
a unit. As unit breaks should be
located 9 to 12 inches above a deck or
away from a bulkhead, that is also the
preferred location for a knuckle. A
knuckle has little or no hydrodynamic
effect if it is above the waterline.
The proper location of a knuckle
requires coordination between the
lines, arrangements and structure at an
early stage of a design.

Standardized Parts

Use standardized parts whenever
possible. The use of standardized
parts, such as brackets, can reduce the
variety of pieces that the shipyard has
to fabricate, keep track of and
install. For example, the cost nf
using 100 identical pieces is obviously
less than the cost of using 25 each of
four different pieces. The cost
differenitial may be difficult to
evaluate, but it is real.

Machinery Arrangement

Arrange machinery to minimize
piping runs and improve operation and
maintenance. Machinery arrangements
can contribute to decreased costs by
reducing the amount of piping,
electrical cable, exhaust pipes, etc.
which must be installed. Arranging
machinery symmetrically in a space can
result in unnecessary additional costs
as contrasted to careful grouping.
Also, grouping pipe runs and treating
them as units can transfer work from
the machinery or other shipboard space
to the shop, where greater productivity
can be achieved.

Machinery Units

Plan machinery installations for
shop assembly and testing. Assembling
machinery on skids for installation
aboard ship as a fully tested, complete
unit permits the work to be
accomplished in the more efficient shop
as opposed to the shipboard space.

Weldinq

Design for use of automatic
welders and other high-productivity
tools. The welding processes to be
used should be considered during the
design. The use of straight sections
and single-curvature plates improve
welding productivity by facilitating
the use of automatic welding machines
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for the work. Similarly, care in
design can permit the erection sequence
to be planned for increased downhand or
automatic welding. Finally, care in
the design of welding details not only
can decrease the man-hours required but
can also improve the quality of the
welds. Examples of improved
producibility welding details are shown
in Figure 9.

Figure 9. Welding Details

Weight vs Cost

Use limited increases in material
weight, i.e., thickness, size, etc., as
a trade-off when a decrease in manhours
can be achieved. The increased
material cost is more than compensated
for by the reduced labor cost while the
change in total light ship weight may
not be significant. This has been
validated by calculation and actual
construction results. However, a small
increase in light ship weight might
well be acceptable to realize a
significant reduction in construction
manhours. Frequently limits on
displacement, light ship or full load,
are attempts to limit the cost of the
ship. Trade offs between weight and
cost therefore are possible.

DESIGNING FOR PRODUCIBILITY

In applying the producibility
principles to a ship design, the design
engineer and the production engineer
must work concurrently and
interactively. The earlier in the
design process that the production
engineer is brought into the effort,
the more effective he can be. Every
decision that is made in the design
process before producibility
considerations are introduced reduces
the potential for cost reductions. The
concurrent effort should begin as early
as the feasibility/preliminary design
stage.

It is obvious that incorporating
producibility in the design requires
extensive knowledge of the production
processes used in the construction of a
ship. The production processes are of
course dependent to some extent upon
the facilities and capabilities of a
specific shipyard. This might appear
to undermine the case for early
involvement of the production
engineer. The standard approach to
ship design in the U.S. separates the
early design from the building
shipyard. While a commercial owner may
well develop the contract package in
consultation and negotiation with a
shipyard, the U.S. Navy normally
prepares a preliminary and contract
design including a set of
specifications before awarding the work
to a specific shipyard. The Navy
cannot deal with only one shipyard
before contract award, but has invited
shipyard participation during the
design process. More than one yard
will normally participate. The Navy’s
acquisition approach complicates the
introduction of producibility into the
process but does not prevent it.

The sizer type and other
characteristics of a ship normally
dictate the group of shipyards with the
capability to build the ship. While
the capabilities of the shipyards vary
to some extent, the number of similar
capabilities is greater than the number
of differences. There is a common set
of capabilities which each shipyard in
the group possesses and which can be
used for the production engineering
decisions that must be made.

With this approach, every shipyard
in the group will find the resulting
contract design a buildable design for
their facility. The Navy/owner will
have a contract for a ship which can be
competitively bid on by a group of
shipyards but which will also be
designed for the lowest construction
cost by those yards as a group.
Further producibility refinements may
be possible by the shipyard winning the
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contract and should be considered after
award. However, the most
cost-effective, basic producibility
decisions will have been made.

There are two basic questions
which must be considered in designing
for producibility. First, does the
design meet the operational
requirements? Second, is it the lowest
cost? In comparing designs, cost
therefore becomes a major driver. The
cost of constructing alternative design
features can be estimated and the
decision can be reached in a rational,
logical manner. Using this approach,
the decision process will lead, step by
step, to the lowest

ESTIMATING COSTS

General

Cost estimates

cost ship design. 

are normally
developed from different approaches --
the macro, cost-down, historical and
the micro, cost-up, engineering
analysis. In the macro approach,
historical data is used to develop cost
estimating factors. These factors are
usually based upon weight, i.e.,
fabrication manhours per net steel
ton. The factors reflect past
practices and experience. The
alternative approach is to break down
the project into elements of work and
build up a cost estimate in a detailed
engineering analysis. This approach
also uses cost factors but they are
based upon work studies of elements of
the operation, i.e., manhours per foot
of weld.

The macro cost estimates are
easier to apply and can provide earlier
results than the alternative. Macro
cost estimates can provide a gross
estimate before the design is
completed. However, from a
producibility point of view, there are
four major deficiencies to macro
estimates. First, they are based upon
historical cost returns. Shipyards are
traditionally poor sources of cost
information. The data is frequently
skewed reflecting pressures on the
first line managers and other factors.
Second, by being based on historical
data, macro estimates tend to continue
past practices. Third, by being based
upon weight, any change which increases
weight will automatically increase the
cost estimate regardless of the effect
on cost. Cost reductions which result
from weight increases tend to be
ignored. This aspect of macro
estimates leads to an over-emphasis
upon weight as a means of cost
control. Finally, macro estimates do
not permit the cost comparison of the
features or details of a design which
is so necessary for selecting the

lowest cost design approach at each
step. Clearly, macro estimazes are not
supportive of improving producibility
in ship design.

The NAVSEA ship cost estimating
model is of the macro, historical, cost
history type. As Such, it has an
inherent dampening effect upon
innovation.

The micro or engineering cost
estimate is more difficult to develop
but can be applied to specific features
of a design as they are developed and
the construction process selected. The
results of an engineering analysis are
inherently more accurate and flexible.
Finally, because micro estimates are
prepared in considerable detail, actual
cost returns can be more readily
compared to the cost estimates to
pinpoint divergences, problems and
needed corrections.

Comparative Cost Estimates

For producinlity” decisions, it is
fortunately not necessary to develop a
total-ship, detailed cost estimate,
either macro or micro. Rather, a
comparative cost estimate will suffice
to demonstrate the potential cost
impact of a proposed producibility
change, i.e., this change will result
in a reduction of x feet of weld. The
comparative cost method applies a form
of engineering analysis but limits the
extent of the application to the
differences in the alternative designs.

Inherent in the comparative cost
estimate is the assumption that the
construction plan has been developed.
It is difficult if not impossible to
divide the work into elements if the
basic construction plan for the unit or
feature has not been developed.

Example

The application of the comparative
cost estimating techniques to the SWATH
"A” project will be used as an
example. During the course of a
producibility review, a producibility
enhanced design (PED) for the lower
hulls was proposed. This design was
compared to the lower hull design under
consideration which was similar to the
TAGS-19 design.

For the analysis, a construction
plan was assumed for the NAVSEA
baseline design similar to that being
followed by McDermott Shipyards on the
TAGS-19 project. For the lower hull,
this includes laying the keel, erecting
the bulkheads, installing the
longitudinal frames and then wrapping
the hull plating around the structure.
Modular construction is not possible
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and preoutfitting can be only minimally
used. This is a rational construction
approach for the complex structure of
the TAGS-19 and the baseline NAVSEA
design for the SWATH "A".

The producibility enhanced design
was developed to permit the use of
modular construction techniques and
preoutfitting. The planned
construction/erection sequence for a
section of the lower hull is shown in
Figure 10. The construction of the
producibility enhanced design does not
require capabilities or facilities
beyond that customarily found in U.S.
shipyards. The producibility enhanced
SWATH "A" design could be constructed
in different erection sequences but it
is believed that any of these would
require more construction manhours than
the proposed erection sequence.

In developing the comparative cost
estimate for the lower hulls between
the NAVSEA baseline design and the PED,
the following approach was used: An 18
foot section of the lower hulls, equal
to one compartment length was
selected. For both hulls, a detailed
weight estimate was prepared. The
manhours required to fabricate and
erect each section was them analyzed in
detail.

Weldinq. For an 18 foot section,
the total length of welding required
was measured and calculated. The basic
welding technique to make the welds,
i.e., downhand, overhead, and
automatic, were also identified and
lengths for each technique totaled,
with downhand welding assigned a factor
of difficulty of 1, overhead welding
assigned a conservative factor of
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difficulty of 2, and automatic welding Savinas. Since 40 percent of the
a factor of 0.2. The equivalent structural construction effort is
lengths of welding for both designs normally in welding and 60 percent in
were then calculated and compared. It fit-up, the cost factor for each
is estimated that the PED would require category was multiplied by the factors
35 percent of the welding effort of the and summed. The resulting estimated
baseline design.

Fitting. The number and type of
individual pieces in an 18 foot section
of the lower hull were identified for
each design. The number of pieces, the
variety of pieces and the difficulty of
positioning the pieces were used to
derive a factor of difficulty of
fitting. With the PED assigned a
factor-of 1.0, the baseline design was
conservatively estimated to be 1.5
times as difficult. The product of the
number of pieces times the factor of
difficulty was compared for each
design. It is estimated that the PED
would require 28 percent of the fit-up
effort of the baseline design.

average cost for the lower hull
construction of the producibility
enhanced design was 30 percent of the
baseline design. The data and
calculations are provided in detail in
Table 1.

PRODUCIBILITY EXAMPLES

Some specific examples of the
application of producibility concepts
to three specific ship designs are
provided in this section. While these
examples represent potential cost
savings, due to
not all of them
incorporated in

various circumstances,
have been acceptea or
the design. If the



proposed producibility changes had been
available earlier in the design cycle,
more of them might have been included
in the final designs.

T-AGOS (SWATH “A”) LOWER HULL STRUCTURE

The structure of the lower hull of
the design under consideration by
NAVSEA was not compatible with modular
construction techniques. The design
required the lower hull to be
constructed piece by piece. The
construction sequence is: the keel is
laid, bulkheads erected, longitudinal
framing installed and the hull plating
wrapped around the framing. Manual
welding must be employed extensively
and, much of that in inaccessible or
awkward locations. Access for
outfitting is restricted. The design
limits the building yard from employing
a more efficient unit construction and
preoutfitting approach.

The initial NAVSEA structural
design, shown in Figures 11 and 12, hdd
the following features:

The lower hull was longitudinally
framed with 36 T-profile longitudinal
installed perpendicular to the curved
hull plating, requiring difficult
fit-up and welding procedures.

The 36 longitudinal represented a
stiffener-to-plate ratio of over 51
percent, which is not considered to be
optimum for strength and weight
considerations.

TWO heavy girders were installed
in each hull for pier loadings.

The bulkheads were designed with
vertical webs, a horizontal stringer,
and 13 vertical stiffeners.

The upper (internal) surface of
the hull was curved, an unnecessarily
costly detail. Hull strength can be
provided equally well with straight
structural members.

Each hull had 28 T profile web
frames.

The lower hull structure of the
PED, shown in Figures 12 and 13, was
designed for unit construction and
extensive preoutfitting. In lieu of
requiring construction on the ways,
each subunit in the producible hull
structure is designed for fabrication
in a horizontal “position on the ground
and assembly into units on the flat.
The bulkheads are erected on the bottom
unit, and the side units are assembled
around the bulkheads. The top unit,
which closes the hull, is not to be
installed until the outfitting is
completed. The erection sequence is
shown in Figure 10.

Some specific features of the
producible lower hull design include:

The use of 16 L profiles per hull
for the longitudinal framing, each of
which is oriented either vertically or
horizontally. The pier loading girders
are deleted.

Figure 11.
Figure 12.

T-AGOS (SWATH “A”) -Lower
Hull Structure

Lower Hull Structure
Producibility Enhanced
Design (PED)
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Figure 13. Lower Hull - Bulkhead - PED

The web frame spacing has been
increased from 6 to 9 feet and web
frames reduced to 15 of built-up
construction.

The bulkheads have a vertical web
and five main horizontal stiffeners.

The upper (internal) surface of
the lower hull is flat and part of the
material inside the tanks has been
removed.

The PED lower hull design is
planned for construction of each hull
unit in five sections (including the
transverse bulkheads) and assembly in
the fabrication shop. The top segment
is to be installed after outfitting is
complete.

The PED lower hull structure can
be constructed by any U.S. shipyard
with reasonable capabilities.
Construction in 36 foot long units is
planned, but 18 foot units may be
substituted if necessary. There is no
feature of the design which limits
competition or would place any
reasonably equipped shipyard at a
disadvantage in competitive bidding.

The benefits of the producible
lower hull design include:

Thirty-six “T” profiles and two
horizontal girders have been removed
per hull and replaced by 16 “L” profile
longtudinals.

The installation
the longitudinal has

and welding of
been simplified.

Thirteen web frames have been
removed per hull.

In the bulkheads, 13 vertical
stiffeners have been replaced by five
horizontal stiffeners.

Finally to erect the haunch unit
to the lower hull in the NAVSEA design,
the upper unit must be landed on the
surved upper surface of the lower
hull. The lower edge of the haunch
unit must then be aligned with the
interior stiffeners -- which are not
visible. In the PED sequence, the
upper subunit of the lower hull
contains the connection of the haunch
to the lower hull. The lower edge of
the haunch is welded to the upper edge
of the penetrating section.

These changes resulted an
estimated decrease in construction
manhours of approximately 30 to 35
percent for the lower hulls.

AOE-6 Frame Spacinq

The web frame spacing of the AOE-6
varies between 9, 10 and 11 feet in
various sections of the ship. The
changes in web frame spacing cause
variations in the dimensions and design
of the units from which the hull is
constructed. This in turn prevents
standardization of the design of
similar units and thus reduces the
production line “learning Curve”
benefits from the repetitive
construction of identical units.

The variations in frame spacing
also impacts the length of shell and
longitudinal bulkhead plating which
must be procured. This increases the
material costs including procurement,
handling, tracking and storage.

The variations in web frame
spacing will have a significant impact
upon construction costs as opposed to
the use of a constant web frame
spacing.

A further disadvantage to the
variation in web frame spacing is the
unnecessary weight. The longitudinal
throughout the ship are sized by the
required longitudinal dimensions for
the maximum spans. In the shorter span
areas, the longitudinal will be
oversized for the span. This
represents an inefficient use of the
weight resource of the design. Some of
the structural lightship weight is
devoted to material which does not
contribute to the strength of the ship.

Finally, the web frame spacing of
9 to 11 feet is excessively close for a
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ship of the size of the AOE-6. A
spacing of 13’9” (5 x 33”) or 15’0” (5
x 36") would be more suitable for this
design. A rearrangement of the web
frames was recommended.

T-A0187 Machinery Arrangement

In the T-AO 187 design, the
machinery arrangement did not locate
the various items for minimum
construction cost. The auxiliary
machinery was not grouped together by
function nor arranged to facilitate
skid mounting of identical units.

Pipe, duct and electrical runs
were not planned to minimize the
material required, the installation
cost nor the use of valuable machinery
space volume. For example, the diesel
generator location required the routing
of the main electrical cables the
length of the Engine Room. Further,
the auxiliary boiler is located well
aft while the uptakes are forward in
the space over the main diesels. This
requires the boiler exhaust to pass
through, horizontally, a major part of
the machinery space before turning up.
Not only does the exhaust duct present
a major obstacle for other necessary
routings, but the horizontal run may
well prove to be an operating and/or
maintenance problem in the future.

The T-AO 187 Cargo Pump Room uses
two motor rooms, three pump rooms and
voids to separate the cargo from the
motor rooms. This cargo pump room
arrangement consumes excessive space,
requires convoluted runs of large
diameter piping and the installation of
unnecessary structural material for
bulkheads and voids. An alternate
cargo pump room arrangement using a
single motor room with a pump room at
either end would be a major cost
saver. The pump rooms would provide
the required separation of the cargo
from the motor rooms saving the
strucural material needed for the voids
and one high cost motor room would be
eliminated. Further major savings
would have been possible from this
change, if it had been made early in
the design cycle and the resulting
reduction in volumetric requirements
were used to reduce the overall size of
the ship.

CONCLUSION
Clearly, there are distinct

benefits to be gained by bringing the
concepts of producibility into the ship
design process and as early in the
process as possible. There are sizable
savings in manpower possible by the
concurrent process of design and
production engineering. This is
particularly true if the goal for the
concurrent effort is not merely “Can it

be built?" but “Is it the lowest cost
design?”

To gain the full benefits of
producibility it must be started early
in the design spiral and continued
throughout the design and construction
of the ship. It requires a continuing
effort with many apparently small
victories, but the final results can
have an appreciable effect on cost.

Even after the ship is delivered,
the design and production engineers
with the assistance of the production
personnel should continue with a
detailed review of the actual results
they achieved. Were they right in
their producibility changes? Where did
they make mistakes? Did they miss
aspects of the design which could have
been done better or cheaper? Without
this follow-up effort, the learning
process may stagnate and producibility
become yet another tired, old
watchword.

Finally, we must always keep in
mind that we are trying to deliver the
best ship at the lowest cost. When we
succeed, we all benefit, even the
taxpayer.
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ABSTRACT

Methods of improving the level of pre-contract design
definition and the quality of information relating to
steelwork are described. This information is combined
with a comprehensive database of manufacturing pro-
cess information to provide a system for estimating the
work content of the main structural steelwork of ships
such as ro-ro vessels. Procedures are described which
facilitate consistent estimates to be made while min-
imizing data handling requirements and increasing the
flexibility of the method at the concept design stage.

Applications are described which demonstrate the use
of the system in investigations which examine the varia-
tion of factors which influence labour cost. The factors
examined include the effect of changing midslip block
breakdown and length of productive day.

Suggestions are made as to how the system can be used
to assess the importance of those factors which may
improve overall yard production efficiency and assist
in the planning function.

INTRODUCTION

Significant advances have been made in the application
of advanced technologies to SKIP design and Calkins
(1) provides an excellent overview of progress in this
area. This rate of progress has not been accompa-
nied by similar advances in the area of SKIP produc-
tion in a way which facilitates rigorous analyses of al-
ternative build proposals at the earliest stages in the
development of a design. In today’s highly competi-
tive market, shipbuilders have to be capable of offer-
ing optimum designs, usually implying low construc-
tion cost, or at least being able to justify a design at
above minimum cost in terms of some special design
feature. In addition, the builder has to be confident of
the costs estimated, so the methodology used to assess
these costs has to be based on sound principles. It is
recognised that the new technologies currently used to
support ship design activities can be used to improve
the builder’s ability to assess the effects of different pro-
duction scenarios on a design proposal. To be effective,
a system should provide the capability of assessing dif-
ferent vessel arrangements, variation in hull shape and

alternative structural arrangements and build strate-
gies.

Design tools which incorporate production considera-
tions are not generally available, yet there is a clear
need for methods which can provide improved levels
of reliability and support at the pre-contract stage for
those concerned with cost estimating and planning ship
production. Developments in ship production methods
combined with progress in the implementation of ad-
vanced information and resource control systems, e.g.
Milne (2) and Vaughan (3), allow the retrieval and cap-
ture of production information which is adaptable for
use in models which facilitate the estimation of work
content and cost.

While it is appreciated that steelwork may not be the
most important item wher. considering total ship con-
struction cost, it is the area most under the control
of the builder, where production monitoring systems
development are most advanced and where reliable in-
formation of work content can be most readily deter-
mined. Steelwork lies on the critical path for deliv-
ery, so early definition is essential. For these reasons,
we have chosen to develop a method of estimating the
work content and costs of steelwork for use at the ear-
liest stages in the development of a design.

SYSTEM 0VERVIEW

It is necessary to be able to estimate the manhours
taken to construct a vessel and parts of vessels at var-
ious stages of a contract, e.g.

(i) Pre-contract
(ii) Build strategy /orderbook planning

(iii) Departmental/tactical planning
(iv) Workstation loading/operations control.

These stages are often considered as distinct separate
activities, usually because the data available increases
both in quantity and quality as the contract is worked
through. For example very few systems available today
facilitate a breakdown of the structure and estimates
of joint length to be made at the pre-contract stage.
The advantages of making such information available
as early as possible are obvious:
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sketch of the design is a significant advance which al-
lows variations to be explored, so that a tender can be
prepared with a higher level of confidence. It is possi-
ble to use the cost estimating module in a stand-alone
mode. In this case the user would simply input in-
formation (which had been obtained from alternative
sources) under (i) to (iii). A particularly useful ap-
plication is to consider the midship section only. By
doing so a series of sensitivity studies can be carried
out in the minimum of time. This mode of application
will be demonstrated later in this paper. The ability
to estimate scantlings is a necessity if steelwork process
analysis data is to be used effectively in the estimating
process, since consistent measures of work content are
the key.

Determination of Scantlings and Steelmass

The adopted approach requires a reasonably complete
internal layout definition, showing decks, bulkheads,
hull form and other structural details such as pillars
or inner skin. From this information and the applied
cargo loadings, the spans of each member are found and
the scantlings determined. Most of the scantlings are
determined according to the Steel Ship Construction
Rules for General Cargo Ships defined by Lloyds Reg-
ister of Shipping. Whale the scantlings are generated
consistently, and give an indication of a likely value, it
must be emphasised that they are not necessarily final
approved values.

The system as developed at present will cater for most
types of cargo roll-on/roll-off vessels but not those parts
of the ShiP with cellular container holds. It will also
cater for ferries up to the uppermost continuous deck.
In principle it will cater for other multi-deck ships not
having large hatchways, where the layout and loading
of decks can be converted into the equivalent ‘ro-ro’
input.

Since the scantlings of such ship types as ro-ro ships
are significantly affected by the number, height and
loading on each deck, special attention is paid to their
structure. Vehicle loads are used to assess the basic
deck structure, but deep beams and web frames are es-
timated from an abbreviated finite element calculation.

Due to the variability of possible internal layouts and
range of user-defined hull sections, the extent of the
results output can vary. A typical ro-ro layout is drawn
in Fig.(3). Broadly speaking the following informat ion
is generated as output:

(a)

(b)

(c)

Approximate deck scantlings
approximate bottom scantlings
approximate side shell scantlings
steelmass rates, V. C. G., components and local di-
mensions of:-
(i) decks
ii) bottom
iii) side shell
graphical bar chart of hull section rates along the

(d)
(e)

(f)
(g)
(h)
(i)
(j)

length
mass rates and V.C.G. summary
main hull steelmass (structure) total and distribu-
tion
ship extremity mass estimates
transverse bulkhead masses
superstructures
graphical plot of cross-sections
alternative ship depths or clear deck heights on ro-
ros.

A typical example of part of the output is shown in
Fig.(4).

The availability of this data which gives number, spac-
ing, length and scantlings of the main steelwork com-
ponents, together with the graphics capability of mod-
ern engineering computer workstations, provides the
ship designer and production engineer with a powerful
product development aid. The place of the scantling
and steelmass module within the cost estimating pro-
cess is indicated in Fig.(5).

WORK CONTENT AND COST ESTIMATING

Some other industries are much more advanced than
shipbuilding in not only establishing work content asso-
ciated with different equipments and construction pro-
cesses, but in publishing data (8). In the absence of
published data for shipbuildmg, it is necessary for each
company to establish (e.g. by work study) a database
of unit times for principal activities of the construc-
tion process, which are compatible with the technical
description of the hull. In the case of hull structure,
it is therefore necessary to be able to break the main
portion of the hull into units from which work content
can be generated for each of the three principal work-
stations:

(1) Preparation (shotblasting, priming, marking, burn-
ing, rolling)
Number, areas and perimeter of plates and sec-
tions, flat or curved.

(2) Fabrication (construction of sub-assemblies and
panels, and welding into units or blocks).

For generic 2D and 3D units, and their panels, units
and connections; joint length of plates, sections and
associated thicknesses and number of parts.

(3) Erection (transporting, lifting, fairing, tacking and
welding at the berth).
Number, weight, 2D or 3D Hat or curved, perimeter
joint length, position and access, free-standingness.

Generic Units

The level of detail being considered results in large
numbers of structural items being generated by the
system. Clearly the problems of handling such large
amounts of data are considerable, particularly when
the necessity for rapid computer response times is para-
mount. Large numbers of alternative types and ar-
rangements of units can be defined when considering a
build strategy for a ship. At the concept stage these







problems can be overcome, without seriously reducing
the accuracy and flexibility of the system, by introduc-
ing the concept of ‘generic units’.

An examination of a range of ship types shows that
the structural arrangement of a ship is composed of
stiffened panels composed of flat or curved plates to
which are welded frames, beams, longitudinals, gird-
ers etc. These in turn are joined to make units or
blocks of which there are about two dozen basic or
‘generic’ types. Each generic unit is further sub-divided
according to whether each panel is flat or curved, lon-
gitudinally or transversely framed etc. For a specific
ship type it is usually possible to define a realistic
structural arrangement using a sub-set of these generic
units. Table (1) gives a list of those used to define Ro-
Ro ship structures. Fig.(6) illustrates the arrangement
and composition of typical generic units.

Table 1

MENU OF GENERIC UNITS (Ro-Ro Type)

(1) Flat or Curved Panel with associated stiffeners
(2) L-Unit Flat or Curved (e.g. deck plus side panel)
(3) L-Unit with Inner Hull.
(4) C-Unit Flat or Curved (e.g. deck plus two side

(5) C-Unit with Inner Hull
(6) F-Unit Flat or Curved (e.g. two decks plus side

(7) F-Unit with Inner Hull
(8) F-Unit with Lower Inner Hull
(9) Double Bottom Unit - Full breadth, 5 girders

(10) Double Bottom Unit - Full breadth, 3 girders
(11) Double Bottom Unit - Flat with 3 girders
(12) Double Bottom Unit - Flat with 1 girder
(13) Double Bottom Bilge Unit - 1 side girder
(14) Double Bottom Bilge Unit - 2 side girders

A generic unit can be considered as a ‘macro’ in com-
puting terms, so has a limited number of defining pa-
rameters and possible construction processes. Program
development has been facilitated by limiting the Po-
tentially infinite number of possible constructional ar-
rangements to generic building blocks which are typical
of practical shipbuilding.

Using his knowledge of the range and form of available
generic units, the designer/planner is able to divide the
hull into a number of blocks which represent a possi-
ble build strategy, Fig.(7). The dimensions of a unit
are compared against the maximum dimensions that
the facility can handle and against defined ‘preferred
dimensions’. For example the unit length is checked to
ensure that it is a multiple of the deep frame spacing
and that it is less than or equal to the maximum plate
length which has been defined as a yard standard or as
a preferred plate size. The availability of weight data
also allows the total weight of a unit to be compared
against the maximum lifting capacity. Once the user
has defined a unit envelope, the system interrogates
the structural database and assembles a list of items
which exist within the envelope boundaries. The list

of items is checked against the Iist of structural items
which are used in the definition of each generic unit. If
a match is not found, a message appears on the screen
and the user is invited to re-define the boundaries of
the unit under consideration. When a unit has been
successfully defined and matched, the output from the
scantling and mass estimation program is accessed to
pick out the geometry and scantlings associated with
each panel, e.g. plating thickness, stiffener type, spac-
ing and dimensions.

The procedure by which a match is made between the
user defined unit and the data bank of generic units is
as follows:

(i)

(ii)

(iii)

(iv)

An

The structural data base is interrogated to identify
the structural items which lie within the defined
boundaries.
The program creates a list of items for the Unit,
each item being represented by a number.
Using an indexed search technique, this list of num-
bers is checked against the stored sequences that
predefine each generic unit.
When a comparative list of items is found, the
structural routine is invoked and the work content
parameters are generated.

example of a typical record for a generic unit is
shown in Fig.(8). This is for a ‘L’ unit, e.g. deck and
side shell. It can be seen that the match has been made
on the list of items where
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Such calculations are made using a ‘standard algorithm
which allows for the appropriate coefficients to be au-
tomatically selected according to the structural item,
processes and thickness. Thus standard minutes for
deck girder fabrication are calculated in the form of:

Global Job Constant Process 28 + Global Job Con-
stant Process 21
+ Section Constant for Process 28 x Number of
Sections [2 for web plus flange]
+ (Minutes per Metre Process 28 + Minutes per
Metre Process 21) x Piece Part AssembIy  Joint
Length [Flange welded to web].

A similar calculation is made for welding the fabricated
girder to the deck plating using Panel Fabrication Joint
Length. Each element is adjusted if necessary for ac-
tuaI  manning if different from standard manning IeveIs
and then converted to manhours. It can also be multi-
plied by a process efficiency factor if the actual process
in the shipyard differs from the standard assumed.

Comparable  algorithms are used at Preparation and
at Berth Erection workstations using the appropriate
processes and work content parameters.

ESTIMATING OVERALL STEELWORK MAN-
HOTJRS

The basis of the standard manhour estimate is the
structural definition generated by the scantling  and
steelmass program and the unit breakdown as input
by the user. At the*preliiary  design stage, it is not .
possible to specify every item of structure in complete
detail, for example, cut-outs in floors, so that it is nec-
essary to make allowances for such elements which are
inherent in any as-built structure. Thus standard man-
hours are converted to inherent manhours according to
type of generic unit and the relevant workstation.

The inherent manhours reflect the work content built-
in by the structural designer and the proposed build
strategy. In an ideal world, inherent manhours would
be the same as actual manhours, but there are many
reasons why actual hours will be signficantly  higher.
Elements such as rework percentage. effective use of
the working day or material control efficiency al1 add
to the manhours recorded for actual ships. Thus fac-
tors which are specific to a particular shipyard and
its management need to be added to obtain predicted
manhours as a realistic estimate of Actual manhours.



Standard Time

Standard times have been derived from work study
data, so represent the average time that a qualified
worker should take, using the specified method and
proper motivation. Normal relaxation and contingency
allowances are included to account for ‘legitimate’ ex-
tra time to add the basic process time. The user may
build into the database additional factors to allow for
process efficiencies different from the standard. For
example a particular process may use a more efficient
method than incorporated in the database (e.g. laser
cutting of thin plate), whale the actual manning level
of this process may require a different number of oper-
ators to that assumed.

Inherent Time

At each of the workstations, it is necessary to make
allowances for additional operations that are not ex-
plicitly included in the hull definition. At the prepara-
tion stage, for example, burning lengths calculated for
bare plates need to be increased for (undefined) cut-out
lengths. At fabrication, minor brackets and stiffeners
need to be allowed for on top of the main structural
elements. If any outfit structure such as seatings are
being added at this stage, the factor can be adjusted,
although it is probably better to keep such items sep-
arated from main structure in the estimate.

At berth erection, the basic process of say butt welding
of adjascent panels uses the standard database for type
of weld and thickness. Allowances need to be made
for the location of the unit on the berth and access
thereto, whether it is a 2D or 3D unit, as well as the
overall weight in terms of extra time to transport and
lift. Thus for berth erection, a typical form of Standard
to Inherent calculation for a particular generic unit is:

Inherent manhours = Standard manhours (1 + access
factor)

+ Berth erection joint length x 2D/3D factor
+ Unit weight x weight factor

The database containing default values may be ad-
justed by the user.

Inherent time reflects on a consistent basis differences
in work content arising from the way the structure has
been designed and the proposed breakdown of units.
Thus it can be used to compare the ‘efficiency’ of al-
ternative strategies.

Predicted Time

Predicted time has to incorporate all those efficiencies
which are not inherent in the technical specification,
but reflect the success (or otherwise) of a particular
shipyard’s management in controlling all the ways in
which jobs take extra time. Anyone who has worked
in a shipyard will recognise that the number of hours
booked to a job will be higher than the somewhat ide-
alised inherent hours due to:-

In

poor plant layout resulting in additional time to
transfer men and components between workstations
inadequate cranage resulting in extra time to lift
and move units
environmental conditions, e.g. bad weather in terms
of wind, rain or temperature delaying activities.
An open facility in a bad weather region will lose
more time than a covered facility, but less so in a
good weather region.
rework, due to poor accuracy control or distortion,
e.g. cutting and trimming units
poor time-keeping. Late starting and early finish-
ing is not unknown in shipyards
official and unofficial breaks for meals, refreshments
etc, reducing the effective working day
material control efficiency, reflecting the ability to
ensure that labour is not held up waiting for ma-
terials
labour control efficiency, to ensure that work, es-
pecially on the critical path, is not held up for lack
of labour, either of any type, or of a specific type,
e.g. due to trade demarcation
excess manning levels. A yard may allocate more
men to an activity than is strictly necessary, per-
haps as a result of trade union pressure, or ‘using’
surplus manpower.
shipyard loading. It is not always possible to match 
the workload to the available labour, particularly
as order books run out, when the tempo of work
may also slow down.

the program, these factors are incorporated in a
number of factors:-

Generic Unit or Workstation

(i) Plant layout factor
(ii) Environmental factor

(iii) Rework factor
(iv) Labour application factor
(v) Waiting factor

Global Shipyard Factors

(vi)
(vii)

(viii)

(i)
(ii)

(iii)

(iv)
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Effective working day factor
Manning level factor
Shipyard loading factor

Covers deviation from ideal flow-line layout
Varies between workstations; obviously shipyard
location specific
Rework includes a factor to allow for cutting and
edge correction particularly at berth erection. It
depends on the ability of the yard, together with its
accuracy control procedures, to produce structural
components within acceptable tolerances. There is
a separate allowance of manhours per square metre
to allow for distortion correction which is a function
of panel area and generic unit.
Labour application factor depends on the effective-
ness of management and supervision in ensuring
that the correct labour is available at the correct
time and working properly.



(v) Waiting factor allows for delays where labour is
waiting for materials, services, information or due
to equipment breakdown.

The remaining three factors can be expected to apply
across the entire shipyard at any given time. They
are essentially self-explanatory, and applied as global
factors to the total manhours.

The importance of the above eight factors should not
be underestimated, since they are cumulative. For ex-
ample, if one postulates the following values for each
factor (averaged across units):

(i) 1.05 (ii) 1.10 (iii) 1.30 (iv) 1.15 (v) 1.20 (vi) 1.25
(vii) 1.15 (viii) 1.00

this gives an overall factor of 2.98. Thus three times as
many hours have to be paid for as are technically re-
quired. Furthermore, elapsed build time is likely to be
longer (though not proportionately) and direct over-
heads will be incressed.

In practice, the elements are estimated on the basis of
techniques such as activity sampling and rework mea-
surement, plus professional judgement. In particular
areas, overall Inherent to Actual factors as low as 1.5
and as high as 6 have been found. It is also desirable to
check the overall factors from completed units in a spe-
cific shipyard so that individual factors can be tuned on
a heuristic basis to give consisent results. The factors
do of course highlight areas where the most manage-
rial attention should be paid. Broadly speaking, poor
performance shipyards will get a better return from
controlling the above factors than installing new equip-
ment, where the latter mainly affects Standard Time
rather than Actual Time.

APPLICATIONS AND DISCUSSION

To illustrate the use and capabilities of the system a
basis ship is selected. The vessel is a 7500 tonne dead-
weight, two-deck ro-ro ship, with an inner hull in the
lower hold. The principal dimensions are:

Length B.P. 136.0m

Breadth moulded 23.0m

Depth moulded to 16.4m

upper deck

Depth moulded to 9.Om

main deck

Design draught 6.9m

Block coefficient 0.622

Scantlings See Fig.4 for

estimated data

The main benefit of the new system is that it enables
the designer to investigate the effects of possible changes
in structural configuration, production facility capabil-
ities and workstation parameters. To illustrate this ca-
pability, examples are given in which the following are
examined: changes in the number of units used to con-
struct the midship region and the effects of variation
in length of productive day.

Effect of Change in Unit Configuration

One of the most important decisions to be made when
developing a design concept is to determine the unit or
block breakdown which is compatible with the avail-
able production facilities and is capable of being pro-
duced efficiently at minimum cost. One stage in the
investigation might be a comparison of alternative unit
breakdowns on a basis of minimum cost of labour plus
material, while satisfying the maximum lifting capac-
ity at each workstation. To illustrate this approach,
three alternative unit configurations were generated,
consisting of 3, 6 and 9 units respectively, which are
shown in Fig.(1O). The joint lengths, work content and
labour cost estimates, are generated. A typical output
for a ‘C’ unit at the fabrication workstations is shown
in Fig.(11) and a summary of the figures for all three
unit configurations at the fabrication and berth erec-
tion workstations is given in Fig.(12). This data can be
examined to identify areas of high work content, e.g.
beam/girder gusset plates.

The total costs of labour plus material for each config-
uration, presented by workstation, is given in Fig. (13).
The total cost for the 3, 6, and 9 unit configurations
are £150,685 £155,471 and £156,746, respectively in-
dicating that over the midship region the 3-unit config-
uration minimises cost. Then providing the shipyard’s
handling facilities are adequate, a 3-unit arrangement
is to be preferred and can save 4% of the cost of a
9-unit configuration. A similar study by Bong (5) for
bulk carriers using Korean data gave a similar result
showing that a reduction in the number of units from
8 to 4 reduced costs by 5%.

Effects of Changing the Length of productive D a y

One of the most obvious factors which influences pro-
ductivity levels is the length of the period during which
work is carried out. The benefits to be gained can
be readily assessed by means of a sensitivity study
in which the appropriate value is systematically var-
ied. The original data used in these examples is shown
in Table 3. To demonstrate the effect of varying the
length of productive day the original figure of 5 hours
was changed by + 1 hour. The effects are shown in
the tables in Fig.(13). It can be seen that a one-hour
increase in the productive day produces a saving of ap-
proximately £13,000, whereas a decrease of one-hour
adds about £20,000 or 25%.

These changes refer only to different build strategies.
An even more valuable application is to look at:
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TABLE (3) . BASIS DATA USED IN SENSITIVITY ANALYSIS

Total cost variants menu
----------------------- -----

1. Change labour rate (pounds/hour)

2. Change scrap (Percentage of Gross)

3. Change material cost (cost per tonne)

4. Change length of paid working day (hrs. )

5. Change length of productive day (hrs. )

6. Change general build efficiency (%)

7. Change yard loading (%)

8. Change Global Manning Level (%)

(i) alternative structural designs
(ii) alternative vessel arrangement

Under (i) the system can be used to examine for exam-
ple different stiffener spacings, or single versus double
hulls at upper decks. The latter arrangement would
enhance ro-ro survivability in the event of a collision.
Under (ii), alternative depths to each deck and dou-
ble bottom can be examined. For example, beam-to-
beam depth can be reduced by using shallower heavier
beams retaining the same clear deck height for vehicles.
The scantling and mass estimation program estimates
the changes in steelmass and centre of gravity, while
the cost estimating program compares the costs. The
designer and builder now have potentially much more
creative tools available.

FUTURE ENHANCEMENTS

The principles and methodology on which this work is
based can be extended not only to other ship types but
to other areas of ship production, in particular appli-
cations in the outfitting area. Some outfit manufactur-
ing process data does exist and systems are in place
which will facilitate further information to be collected
thus enabling the processes to be realistically modelled.
This in turn will allow more comprehensive analyses to
be carried out. For example the addition of outfit to
the system will allow a more representative model of
modern shipbuilding processes to be used when consid-
ering build strategy, resource utilization and modular
construction.

Extending the system to a wider range of ship types
including warships is being considered. This would ne-
cessitate a different database to be constructed to ac-
count for the different standards associated with the
building of naval vessels.

In the computing field the applications of transputers
could bring about significant benefits. A parallel pro-
cessing environment which permits multi-tasking has
obvious advantages at the concept stage where a num-
ber of alternative proposals could be examined simul-
taneously.

original value -

original value -

original value -

original value -

original value -

original value -

original value -

original value -

5.50

4.00

260.00

7.50

5.00

30.48

80.00

100.00

Some recent work by the authors [g) has demonstrated
the Artificial Intelligence can be used effectively at the
concept design stage. Some of the techniques described
in Ref.(9) could be used to enhance the cost estimat-
ing process, e.g. some form of automatic data feed-
back from the production departments for ships re-
cently built could be used, via an expert system, to
update the database and thus continually improve the
system performance and reliability.
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Industries Co., Ltd. (IHI), Tokyo, Japan
ABSTRACT

The fundamental philosophies of
Group Technology or Zone Logic
Technology are accepted practices in
Japanese Shipyards. The ideologies,
originally conceived in the U.S.
ironically, were considerably refined
by the Japanese Shipbuilding and
Repair Industry and since 1978, have
been reimported to the U.S. The
traditional system-by-system approach
to work has been replaced by a zone
oriented product work breakdown
structure, Zone Logic Technology. This
grouping of jobs if executed properly,
has the potential to significantly
enhance efficiency and productivity. 

Numerous documented articles
published by the National Shipbuilding
Research Program (NSRP) and the
Society of Naval Architects and Marine
Engineers (SNAME) have explained in
detail how the U.S. time-honored
shipbuilding methods (post WWII) are
slowly being replaced by the more
efficient and analytical procedures of
Zone Logic Technology. These concepts
dictate that work be planned and
executed under a priority scheme:

1) Divide work into geographical zones
carefully considering the nature of
the problems that are involved,

2) Develop a zone oriented product and
interim product work breakdown
structure,

3) Properly sequence the work to be
accomplished by stage and area,

4) Plan final systems tests as
necessary.

To date, the application of Zone
Logic Technology in new ship
construction is commonplace. On the
other hand, its use in the ship
repair, overhaul and conversion
environment has been relatively small
in scope and isolated in application
in both private and public shipyards.

However, the application at the
Philadelphia Naval Shipyard (PNSY) has
greatly overshadowed all other U.S.
shipyards’ efforts combined. PNSY
started its implementation of Zone
Logic Technology in the late fall of
1986, targeting the Service Life
Extension Program (SLEP) for the USS
KITTY HAWK (CV-63) for its initial
application.

This paper will discuss the
strategy in the development and
implementation of Zone Logic
Technology at PNSY. Frank disclosure
of the valuable lessons learned and
current status will also be presented.
Equally as important is what the
future has in store for Zone Logic
Technology at PNSY, which will also be
described.

This paper provides a candid
presentation of the experiences in the
implementation of Zone Logic
Technology in a demanding repair
environment.

INTRODUCTION

PNSY is nearly half way through
the 37 month USS KITTY HAWK SLEP.
After approximately 30 years of
operational service, a SLEP is
expected to add 15 years to a
carrier’s life, Ref.1. It is this
project that enticed Senior Shipyard
Management to consider Zone Logic
Technology (ZLT).

The implementation strategy
developed as a result of Shipyard
Management taking bold innovative
steps to accomplish the Hull Expansion
Project planning for the USS Kitty
Hawk. Though this project was
eventually canceled, the planning
effort was so intricately woven into
the overall SLEP project that it gave
rise to alternate implementations of
ZLT at PNSY. In scope, the Zone Logic
Technology application on USS KITTY
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HAWK encompasses approximately one-
third (over 400,000 mandays) of the
total production effort, three years
of work, and involves over half of the
ship’s compartments.

A game plan was devised after
having had visited several shipyards
worldwide (Japan, US, Canada and
Europe) to investigate any prospective
productivity enhancements that would
help PNSY meet the immediate short
term requirement of the Hull Expansion
Project.

The ultimate goal was to improve
our overall productivity to meet the
Navy’s operational fleet repair and
conversion requirements. As a
consequence, PNSY entered into a
contract with Ishikawajima-Harima
Heavy Industries (IHI) co., Ltd. ,
Japan, in January of 1987 to assist
the shipyard in implementing Zone
Logic Technology. Just twelve months
prior to the start of the SLEP project
with the planning processes well
underway, the decision was made to
implement ZLT.

In view of this, the
implementation procedure necessitated
the use of several products from the
traditional planning processes (such

as Job Order Progress Cards), and then
adapt these producrs to ZLT. The
system orientated outputs were reduced
and re-assembled Into Product Work
Packages in the form of Unit Work
Instructions (UWI). UWI's marked the
departure from the traditional systems
approach to planning work. This new
method took various types of work in
discrece areas and treated it as a
work package in direct support of
products and interim products as
discussed in Ref. 2. This is a very
important aspect of ZLT and worthy of
reemphasis here.

A UWI is the compilation of all
production work by phase of a
particular discipline/trade intended
in a specific location/subzone. This
package included all support services.
Further, a UWI could be a grouping of
work for a unit/system/area which are
inherent or unique to that item. The
UWI‘s were then provided to the
Production Department. The Data Based
Management System designed to support
the technical publishing process used
In the development of Unit WOrk
Instructions is discussed in Ref. 2.
The flow chart, represented here in
Fig. 1, outlines the process from
source documentation to final product.
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The following reflects a summary of
the more important Lessons learned:

1) The Zone Technology Work Package
was not initially networked into the
overall ships scheduled network. As a
result, Shipyard Management governing
the availability had to refer to two
sources of information to review the
project’s disposition. This meant
administratively managing the project
via two distinct parameters which was
awkward at best, caused much confusion
and was an additional burden. Ergo,
it should be networked as soon as
possible,

2) The ZLT work package was set up to
work in four month windows. Only the
work scheduled for that four month
period was issued. Though this was
not a popular decision and certainly
not ideal, it was a necessary
compromise. Four month schedules were
used because there simply was not
enough work available for issue to
justify anything lengthier. In
traditional fashion, the Planners and
Estimators wrote job orders by phase
and authorized work as the information.
was made available without requisite
consideration given to all of the work
to be accomplished in a zone/area. No
guidance was provided them regarding
the prioritization of this work. It
should be appreciated that any one
area could (and often did) have a
number of Planners issuing work in it
for a variety of different jobs which
they progressed independently and in
no delineated priority. As a
consequence, the Outfit Planning Group
found it extremely difficult if not
altogether impossible to ascertain if
absolutely all work in a particular
zone, intermediate or subzone had been
issued from P&E. There always existed
an element of doubt . Ideally of
course, all work would have been
issued at the start of the
availability. If that were the case,
there would have been no doubt about
adhering to the fundamental concepts
of ZLT. But such was not the case and
a schedule had to be provided to
Production. Four month schedules
(originally three month ) were
considered a reasonable compromise,

3) The unions representing the various
trades and codes must be actively
involved anti thoroughly supportive
from the outset. This is important
considering the novel Product Trade
concept,

4) The cultural issues involving the
people and personnel surrounding this
effort were/are/will continue to be by
far the most important concern of all.
They must be dealt with from the
outset to the maximum extent possible.

it should be obvious that the
items noted above are not all unique
to the implementation of ZLT.

FUTURE APPLICATIONS OF ZONE TECHNOLOGY

Despite the concerns previously
discussed, senior PNSY Management
remain committed to the continuation
of ZLT. A reflection of this
commitment is exhibited in the
decision to undertake the entire USS
CONSTELLATION SLEP via ZLT. Major
efforts are currently underway to
analyze and apply the lessons learned
from the USS KITTY HAWK throughout the
pre-planning phases of the USS
CONSTELLATION. A meticulous review of
the processes required is ongoing and
will result in their thorough
clarification. These processes are
being utilized in the planning for the
Docking Selected Restricted
Availability (DSRAJ of the USS
SPRUANCE, DD 963, as well. It is the
intent of Senior Management to test
out these processes on the USS
SPRUANCE as a precursor to the
execution of USS CONSTELLATION SLEP.
Although the manday package on the USS
SPRUANCE is small, (approximately
11,000) exercising ZLT concepts on
this project should prove invaluable
in validating the entire PNSY process.

Integrated Strateiges

The work of the Planning
Department is thorough advanced
planning in preparation for the
customer, in this case Production. 
Chronologically then, this means that
the zones and intermediate zones must
be clearly defined and this
information distributed as early in
the planning process as possible.
Secondly, it is necessary to
accurately determine the scope of the
work to be accomplished in each zone.
Given this and the first cut (initial
proposal) of the Production Schedule,
the zones can be effectively
prioritized. This first cut
Production Schedule considers the
area, work to be accomplished in it,
identifies the most logical time frame
(phase/sequence) to do it in (on a
global sense) and how it is-proposed
that this be done. This is an
iterative process to be regularly
reviewed and updated. Not to belabor 
the obvious but in a work environment
of this magnitude, concurrent activity
is expected.

This prioritization of zones and
intermediate zones is then provided to
the Supply, Design and Planning and
Estimating Divisions for the sole
purpose of positive and consistent
guidance with respect to what aspects
to pursue first. As an example, if
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Supply had 10,000 Job Material Lists
to process, the guidance would provide
the approach to acquisition priorities
driven by need dates to meet the
Production Schedule. The same could
be said of drawings from Design and of
job orders from P&E. Herein marks one
of the most significant departures
from traditional shipyard management,
that is “Integrated Planning for
Production”!

In an attempt to address the
issues identified above, a multi-
tiered Zone Technology Steering Group
was founded. The tiers are:

1) Senior Executive Zone Logic
Technology Steering Group,

2) Zone Logic Technology Steering
Committee,

3) Zone Logic Technology Steering
Subcommittees.

The Senior Executive ZLT Steering
Group, chaired by the Shipyard
Commander, consists of the following
individuals;

°
°
°
°
°
°
°
°
°
°

Planning Officer
Production Officer
Chief Design Engineer
All Production Group Superintendents
Chief Planner and Estimator
Chief Combat Systems Engineer
Supply Officer
Comptroller
SLEP Project Officer
Zone Technology Project Officer

This committee meets hi-weekly to
discuss all aspects of ZLT
implementation and planning. It is
meant to monitor and discuss the
overall progress in implementing ZLT,
furnish a vehicle for important
decisions when warranted, and provide
guidance and direction to the other
levels.

The ZLT Steering Committee is
chaired by the Zone Technology Project
Officer. It consists of division head
level managers from various shops and
codes across the shipyard management
team. Its charter is to Implement the
second phase of ZLT. It assigns,
oversees, and approves of the various
subcommittees’ activities involved in
delineating the details of all aspects
of ZLT implementation. This committee
serves as the main conduit of
information, administrative and
strategic developments with respect to
all issues involving ZLT.

ZLT Steering Subcommittees are
chaired by designated steering
committee members and consist of both
members of the steering committee as

weil as representatives from various
trades and codes in the shipyard as
required. There are currently three
subcommittees:

1) integrated Strategy and Scheduling,
2) Material Support,
3) Training.

The flow chart (Fig. 7) reflects
the completion of the first task of
the Integrated Strategy and Scheduling
(ISS) Subcommittee. Though initially
generated for the CV SLEP Program, the
availability strategy chart has been
modified here significantly for the
USS SPRUANCE. It shows the varied and
complex interrelationships that exist
in planning an availability. This may
be considered as the simplified model
of the SLEP version, which by virtue
of sheer volume and complexity, would
represent the most detailed of all
availabilities.

The follow on task assigned to
the ISS Subcommittee is to clearly
define the implementation processes of
a Master Schedule (center, Fig.7).
The issue of a Master Schedule has
been an integral part of the ship
repair and conversion environment for
some time. It is perhaps the singular
most important aspect of an integrated
repair/conversion strategy through the
implementation of ZLT. As defined
here, the Master Schedule draws the
following schedules together in one
data base.

° Drawing,
° Material Procurement Sequence,
° Test Development,
° Production,
° Tiger Team.

It should be emphasized that
Master Schedule as used here is the
culmination of many cycles in an
iterative process beginning at the
Proposed Planning and Production
Strategy. (center, left Fig. 7).

The Material Subcommittee is
responsible for delineating the
Material Management System to support
ZLT and specifically, the "kitting"
effort planned for USS CONSTELLATION
SLEP. Zone Technology has as one of
its attributes, the fundamental
requirement. that a particular package
of work be accomplished during a
precise period of time, by a specific
trade or product trade. Having this
requirement,it is even more critical
that an effective material management
system be in place “and fully capable
of supporting the work packages and
schedule by providing all of the
required material. The Material
Subcommittee has reviewed the complete
material support cycle from definition

6-7



of a requirement to the turnover of
that material to Production. A kit
may be appreciated to be all of the
material required to accomplish that
unit of work when the schedule calls
for it.

The Training Subcommittee is
tasked with developing a training plan
as well as training modules. These
modules will be tailored to address
departmental concerns and at a
minimum, will answer the following
questions.

a)

b)

c)

d)

e)

f)
g)

h)

i)

j)

k)

l)

What exactly is it that we are
trying to do?
Why are we trying to do it? Why
change?
Is this expected to be a
temporary or permanent change?
What part does each employee have
to play?
What part does the Union/Military
have to play?
Why is it so important?
What lessons have we learned from
the USS KITTY HAWK?
Where does ZLT fit into
Philadelphia Quality Process?.
What sort of education needs do
we have?
Who needs to be educated and who
will do it?
How and when will we educate
everyone?
What time frame are we adhering
to?

The issue of a Master Schedule
was previously discussed. The natural
offspring to it is the development of
a short term Detailed Production
Schedule. This schedule will be a
product of the Production Scheduling
Branch in league with the Outfit
Planning Group. Owing the breakdown
and identification of work by area
done by the Design and P&E Divisions,
the Overall Event Level Schedule must
be developed by zone. This can be
accomplished via the Event Management
System currently in place within the
shipyard. The scheduled event (or ‘“C”
event) will strictly correspond to a
particular intermediate zone. In
support of having a particular unit of
work accomplished by a specific group
of people during a precise period of
time, the “C” event will have many key
operations (keyops) assigned to it.
Appropriately then, all keyops will be
packaged and entered into the short
term Detailed Production Schedule. As
a “C” event may span a full four month
time frame, the Detailed Production
Schedule will be a reasonably flexible
tool to meet shorter periodicities.

Ultimately, as ZLT concepts
become firmly established practices of
the planning process, all work will be
issued in accordance with the
availability strategy previously
outlined.

6.8



This would support the development of
detailed and accurate weekly
schedules. The obvious consequence of
this Would be better schedule
adherence, positive project management
and equally as important, more
desirable control of their work on
behalf of the waterfront personnel.

Zone Technology In Design

Due to the time frame to
implement ZLT on the USS KITTY HAWK,
the Design Division Integrated Drawing
Development effort was limited to two
spaces; specifically, air conditioning
machinery room number three and four
and pump room number five.

The Design Team is fittingly
called “Design for Production”. Their
mandate was to generate an integrated
Design Work Package for each space,
where practical, either by actual
onboard shipchecks or by the use of
Computer Aided Design (CAD) equipment.
However, the actual method remains
viable and is as outlined below:

° Shipcheck the compartments for
systems that remain after
shipalts are accomplished,

° Shipcheck for greater detail to
support pre-fabrication accuracy,

° Develop composite drawings
integrating new shipalt drawings
with existing configurations,

° Perform interference checks,
° Review composite drawings for

quality producibility for the
purpose of pre-fabrication, pre-
outfitting, providing detailed
assemblies and conformance to
stardardizations.

CAD is a very dynamic method of
accomplishing the same task. An
example of a piping composite drawing
for Pump Room number 5 as generated by
CAD is shown in Fig. 8. This drawing
is then supported by the requisite
number of detailed drawings required
for the actual system fabrication and
assembly. On this particular work
package alone, twenty Interference
Control Memorandums were sent to
various Design Codes highlighting
interference problems. This number
does not include the number of
informal corrections . initiated while
working with the preliminary drawings.
The benefits of CAD are:

°

°

°

°

°

°

°

A detailed and accurate document
to accomplish installation
(easier/safer).
Advanced production techniques
eliminating interferences to a
fine point of detail,
provide consistent base line model
supporting multiple Design
Engineers to use and thus
eliminating repetitive efforts,
automated interference control
eliminates guesswork and constant
communication between Design
Engineers,
incorporates the most logical
integrated installation
configuration of all items within
the space and suppports ease of
maintainability,
accommodates computer interface
with CAM for prefabrication and
preoutfitting capabilities and
accuracy of same,
accurate computer model available
for future availability advance
planning efforts.
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For the USS CONSTELLATION SLEP
more than twenty-five complex
compartments will have an Integrated
Design Work Package. These may
involve many of the extensive and
complex ship alterations which
include:

°
°
°
°
°

°

°
°

°

Weapons Magazines,
Catapult Accumulator Spaces,
Rotary Retract Machinery Spaces,
Combat Information Center,
Two Air Conditioning Machinery
Spaces,
All three Arresting Gear Engine
Spaces,
NSSMS Control Space,
Two Radar Rooms and associated
Pump Rooms,
All five Pump Rooms.

Additionally, all drawings for
the USS CONSTELLATION SLEP are being
developed by intermediate zone. As
discussed in Ref.2, the entire ship
is broken down by area/zone whereby
these zones reflect the products and
interim products required to complete
the availability. These zones are
then further broken down into
intermediate zones and then again to
sub-zones. The generic zone breakdown
for the USS CONSTELLATION in Fig. 9
shows the intended Zone Manager
responsibilities of Production, Design
and P&E . An example of
intermediate zone in zone 9 would be
both forward catapults and a sub-zone
might be #l catapult. In addition, a
potential cohesive advantage of
grouping work by product and zone/area
exists.

Zone Logic Technology In Planning

As a natural succession to the
intermediate zone drawing development,
the P&E Division is producing all
initial job scoping information by
intermediate zone or sub-zone as
applicable. Owing to the sheer size
of an aircraft carrier, some areas
present unique problems. For example,
consider one of four main machinery

spaces as an intermediate zone (Fig.
9, zone 2). The volume of
concentrated effort to be accomplished
within a main machinery space during a
SLEP is absolutely immense, and since
there are no geographic boundaries to
speak of in the space, it is not at
ail practical to further divide it
into subzones. After all, the work is
very nearly in every case entirely
contained within that geographic area.
Another example but not as complex is
the hull blasting and painting
sequence. It is treated as an
intermediate zone of itself and is not
divided into subzones. On the other
hand, consider the catapults (four in
number) which do spread out amongst a
wide variety of compartments and
geographic locations. in this case,
the subdivision into subzones is
imperative to the success of the work
packaging and execution.

This is a significant departure from
what was done on the USS KITTY HAWK
SLEP in the sense that Unit Work
Instructions were developed from the
traditionally written system job
orders. Now that scoped work data is
available by area, the information can
be collated (via automated data
processing) by phase and area to be
packaged for Production. These
packages in many cases will be
supported by the integrated Design
Work Packages as previously described.
Because of not being able to collect
detailed work area information on USS
KITTY HAWK, the UWI had to be
developed. It required an enormous
duplication of efforts to the degree
outlined in Ref. 2. Efforts are now
underway that will enable the Outfit
Planning Group to package work as
before without having to actually
duplicate the traditional job orders.
This should result in significant cost
saving improvements in the processes
used for the USS KITTY HAWK.

Realize that it is the Production
Schedule that drives the integrated
efforts of the Planners, Schedulers,
Material Suppliers and Outfit Planning
Group. After receiving the detailed
job order from the P&E codes and
ascertaining the scheduled start date
of the work, the Outfit Planning Group
will be required to liaise with the
Material Suppliers to determine if all
of the required material is available
and properly kitted. If so, they then
prepare and issue the work package to
Production.

The OPG may be considered as the
final check point of all planning
efforts. Though the case described
above is ideal, there may be
exceptions to it. For example,
perhaps there may be an item or two of
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the material that is not yet
available; it may or may not have an
expected delivery date and it may or
may not be a problem that the Shipyard
can control; there may be a plan or a
shipalt drawing that is not ye c
available. In these cases, the OPG
will assess the whole of the work
package and make a conscientious
decision with respect to whether it is
or is not issued without this
particular aspect of the package. The
Production Schedule would be affected
and administrative action would have
to be initiated to deal with the
problem. They may decide not to issue
the package which would also have
direct ramifications on the Production
Schedule. Therefore, they must take
positive steps to fill the void with
practical alternatives.

The intent is to maximize the
most efficient flow of work to
accommodate the established Production
Schedule. The corollary being,
minimize incomplete work packaging.
However, this piece of information
(the OPG not able to prepare/issue a
work package for whatever reason) is
particularly important as it provides
a valuable impact analysis. That is,
the impact on the Production Schedule
caused by unavailable material; the
impact (or snowball effect) of any one
division not adhering to established
need dates provided in the zone and
intermediate zone prioritization; the
impact on the ships availability by
significant growth in the authorized 
work package.

Only achievable work packages
will be issued the likes of which will
include:

° Cover sheet,
° Verification sheet,

° All Keyops that
work package,

° All technical

support the event

references (pians,
drawings, cesc procedure: ana
standards, etc. ) required to
accomplish the work instructions,

° Job material list at the Keyop
level,

° Work completion verification card,
° Customer feedback sheet.

Zone Technology In Production

The Work is then in the hands of
Production. It is imperative that
they execute the plans explicitly in
strict adherence tO the schedule.
Common sense must still prevail and
constructive feedback must be strongly
encouraged if not altogether demanded
to continually strive to improve upon
the quality of the process.

The lessons learned from the USS
KITTY HAWK SLEP precipitated the
changes in the Production Department
organization as detailed previously.
As expected, the results of the
surveys conducted through GAPS
indicated the unanimous approval of
the Product Trade concept. First Line
Supervisors found this extremely
beneficial in developing an efficient
work flow. To enhance this process
during future availabilities yet
maintain parent shop identity,
modifications will be made to the
Production organization. That
proposed for the USS CONSTELLATION
SLEP is shown in Fig. 10. As
indicated, there will be Zone Managers
wh O will have production
responsibilities for a zone and will
report directly to their respective
Group Superintsiadent. There will also
be SLEP Superintendents who will
report to Group Superintendents and
will provide a direct interface
between zones.



By identifying work by area;
producing drawings by area; preparing
work packages by area; scheduling by
area, and accomplishing work by area,
the cohesive potential is again
gainfully exploited to improve
productivity, that is “Integrated
Planning for Production”.

Finally the involvement of
Industrial Engineers in the daily
Production Management team
organization is planned to further
foster the objectives of Zone
Managers. The immediate benefit will
be the detailed evaluation of all work
processes. More importantly though,
will be the direct interface
(feedback) with other support codes
such as Scheduling, Design, Testing,
P&E and OPG.

Summary

The concepts of ZLT are being
modestly applied to the USS KITTY HAWK
SLEP with some administrative
difficulties. In the past, these
efforts were, in general, outside the
traditional realm of shipyard
organizational procedures. In
subsequent availabilities and
overhauls, ZLT will be applied much
sooner in the planning process. The
DSRA of the USS SPRUANCE is evidence
of this and will prove to be the test
case of all associated processes. The
more important proposals are:

° Standardization of zone and
intermediate zone principles
applied to. all classes of USN
ships ultimately leading to
standardization of zones and
intermediate zones within each
class of ship,

° Identify work by item in the work
authorization document,

° Provide for electronic
distribution of work instructions
together with their supporting
technical documentation (i.e.
enhanced use of Automated Data
Processing),

° Increased emphasis on the
provision of and adherence to
short term Detailed Production
Schedules in direct support of
the First Line Supervisors.

CONCLUSIONS

Much has been accomplished in the
name of Zone Logic Technology at the
Philadelphia Naval Shipyard. This
paper has outlined the experiences and
reactions to the problems encountered
throughout this process. ZLT
continues to be a part of the future
at PNSY as the Senior Shipyard
Executive Management are committed to
its approach. They are convinced that
ZLT is the vehicle to improve
productivity. It has much to offer
PNSY in the way of improving our
quality and hence, our competitive
edge. The motivation here is survival
in an extremely competitive industrial
environment by fundamentally changing
the way we do business.

In general, the applications of
ZLT are being infused into a greater
part of the traditional shipyard
organizations. As these organizations
take on the new methods and
procedures, it is essential that the
fundamental precepts of Zone Logic
Technology are maintained and used to
guide the improvement efforts.
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ABSTRRCT

The Production Industrial
Engineering Resource System (PIERS) is
an automated system to improve indus-
trial engineering. One of its compo-
nents is Computer Aided Time Standards
(CATS), a computer-ass’.sted method to
find, manipulate and store standard time
data and existing standards to create
new standards (1). CATS provides
immediate, user-friendly access to the
over 18,000 elements of standard time
data and standards published by all
shipyards. The system evolved from the
DoD Computer Aided Time Standards pro-
gram to collect, validate and publish
standard time data in a single source
for use by all DoD work measurement
organizations. CATS uses menus,
prompts, and instructions displayed on
the screen to first direct the user to
appropriate standard time data or stan-
dards and then to lead the user through
the process of constructing a new stan-
dard. Because CATS performs the
required mathematical computations,
many hours of tedious manual labor have
been replaced with a few keystrokes.
One of the keys to CATS' flexibility and
usefulness is its modular design. The
system now includes many time-saving
software packages, and additional pack-
ages can be made part of the system
quickly and inexpensively. CATS has
demonstrated a cost savings and positive
return on investment of 3.5:1 (2).
With strong management support, the use
of computer systems similar to PIERS can
significantly improve the bottom lines
of other organizations.

INTRODUCTION

To understand what a revolutionary
resource the PIERS system is, it is
necessary to describe the work measure-
ment system that predated PIERS and
formed the original foundation for its
data base.

This system, the Defense work
Measurement Standard Time Data Program
(DWMSTDP), collects work measuramemt
data into a single source, which is

published in nine volumes called
“Standardization of Work Measurement”
(DoD 5010.15.l-11) and in a DoD data base
(3).

One of the most effective ways to
improve the bottom line is to standard-
ize work procedures -- to break them down
into elements and make sure that each
element is being used consistently in
the same way in the same amount of time.
The “Standardization of Work Measure-
ment” contains descriptions and times
for 18,000 of the elements that can be
combined to form procedures.

These 18,000 entries were developed
by Defense activities. DoD screens all
entries and verifies that the methods
described and the associated times are
accurate before adding each of them to
the DWHSTDP data baae. The DUHSTDP
systematically collects, verifies and
disseminates standard time data. Since
the nine volumes were published 12 years
ago, all the military services and many
DoD agencies and commercial organiza-
tions have used the data in their work
measurement programs.

Within two years after the naval
shipyards began using the systems they
moved away from the DWMSTDP data base
(3) and began creating a data base of
standard data elements (4) more suitable
to their specialized needs. Navy ana-
lysts who use this data to build stan-
dards follow a three-step procedure.
First, they break down.the work to be
measured into elements. They establish
the starting and stopping points of each
element and verify exactly what work
gets done during that element. Second,
they search through standard data to
find elements that match the elements
they are measuring. Third, they add up
the elements, apply frequencies, and
tabulate times. An analyst can build an
accurate standard without using time-
consuming work measurement techniques
because the stop watches have already
been held -- they don’t need to be held
again. Only when some elements of the
job cannot be matched with standard data
elements is it necessary to use tradi-
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tional work measurement techniques.

Using standard work measurement
data (4) can drastically cut the time
needed to create an engineered method
and standard. By using standard data,
engineers and technicians avoid having
to "reinvent the wheel” for each new
document. Each time someone does a time
study, his or her work can become stan-

.
And, of courses the more data that
becomes standardized, the less data that
needs to be “assembled by hand.” As the
data base continues to grow, accurate
standards can be created faster and
faster.

To take full advantage of this ever-
increasing data bases however, it was
necessary to be able to access all the
new standard data elements that were
constantly being added to it. The more
data there was to use, the more unwieldy
the data base became to use. Storing,
searching for, and retrieving data
became increasingly costly and time-
consuming. Often, because of poor
record-keeping? standard data was avail-
able that the engineer or technician
couldn’t locate or wasn’t aware existed.
There is no advantage to having what You
can't use. As a result, most of the
standards created by naval shipyards
were still being created the expensive
way - slowly, from scratch, often with
out the proper methods analysis.

HISTORY

Clearly, a more efficient and
economical way to handle standard time

data was needed. If industrial
engineers and technicians no longer had
to manually search for, apply and main-
tain standard time data, they would have
more time to devote to methods analysis
and improvement and cost reduction. In
the late 1970”s, a DoD study concluded
that using a computer system that would
help generate time standards as well as
store standard data elements was the
best approach to this problem.

From 1980 through 1986, the Defense
Productivity Programs Office (DPPO)
developed and used a sophisticated pro-
gram of computer technology known as
CATS, or Computer Aided Time Standards.
In 1987 CATS evolved into PIERS, the
Production Industrial Engineering
Resource System. This system is still
evolving and expanding.

PIERS goes far beyond more
efficient storage and retrieval of stan-
dard data. It can search for and
retrieve standard data and then combine
the elements it finds automatically to
create a formatted method and standard.
The program takes adverse environmental
and working conditions and personal
fatigue and delay into account. After
creating the standard, the system can
aid in analyzing the entire work process
to spot tasks that can be redefined or
reorganized to improve efficiency. This
makes it much easier for engineers and
technicians to create method improve-
ments.

The best way to understand the full
capabilities of the expanded PIERS sys-
tem is to review the way it grew and
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developed to meet expanding shipyard
needs ( 2 ).

In 1981, the Defense Productivity
Program Office introduced all the naval
shipyards to CATS (4). The Philadelphia
Naval Shipyard volunteered to be the
prototype shipyard for the new system.
ln 1982, Philadelphia acquired its first
personal computer.

In 1983, Philadelphia technicians
converted an expensive mainframe system
into a stand-alone CATS system, which
dramatically reduced on-line time and
expense (5). One Philadelphia techni-
cian developed a program for calculating
personal, fatigue and delay allowances.
The program was distributed to all U.S.
naval shipyards. Philadelphia indus-
trial engineering technicians created
the first methods and standards using
the CATS system. Their use of standard
time data eliminated many time-consuming
field studies. The volume of throughput
increaaed so much that Philadelphia
purchased a second personal computer.

Software advances marked 1983, but
hardware improvements accounted for most
of the changes in CATS in 1984. A
change in personal computer manufac-
turers brought more memory, speed and
storage capacity to the system.
Although it had been clear that the CATS
concept was sound, until this hardware
change the system had been somewhat
difficult and time-consuming to use.
Philadelphia technicians assisted in the
development of a new worksheet entry
program to take fuller advantage of the
new equipment. The other 1984 software
change was an electronic mail service
between the eight naval shipyards and
other DoD activities. This system has
had wide acceptance and use since it was
first activated.

In 1985, it was clear that CATS was
about to outgrow its hardware once
again, and the decision was made to
convert to an IBM-compatible system.
The software method of analysis being
used was changed from the traditional
production-line, stopwatch approach to a
more shipyard-compatible, job-shop
approach. Several software resources
were added as well: an electronic
bulletin board to use to exchange
technical data, a data base directory to
speed information searches, an index of
standard time data, and an industrial
process instruction data base.

In 1986, the planned-for Zenith
personal computers arrived and are
currently used for the PIERS system at
the eight naval shipyards. They are
almost completely IBM-compatible and are
three times more powerful than the ays-
ten they replaced. They have twice the
storage capacity and eight times the
speed. The Zeniths are also more user

friendly and have high-resolution color
graphic capabilities and faster modems,
which allow faster transfers of data.

During this year, the CATS software
was upgraded to CATS-E-X-P (Expanded
Productivity). User suggestions about
CATS were the basis for the improved
CATS-E-X-P, so developing and exchanging
engineered time standards was finally
fast, flexible and simple. The system’s
IBM compatibility allowed the shipyards
to add desktop publishing, computer-
aided design (CAD), and data base man-
agement to their software library.

Even though improvements to the
system had been steady and significant,
the shipyards recognized that the
engineering documentation capabilities
of CATS were no longer enough. The next
step was a complete computerized engi-
neering toolbox. So in 1987, CATS
became PIERS. Some of the needs the 
shipyards hoped to address with this
expanded system were ways to support
industrial engineering studies, speed
the production of industrial process
instructions, improve work scheduling
and control, and make the most efficient
use of the shipyards* limited people
resources.

An extensive search was conducted
to find applicable software and turnkey
systems to include in PIERS. Dozens of
computer software packages and indus-
trial engineering systems were
evaluated, benchmarked and tested in
actual shipyard trials. Because PIERS
is a collection of computer programs, a
program called Microsoft Windows was
chosen to provide an operating environ-
ment to connect all the available PIERS
applications. Microsoft Windows allows
users to switch from one program to a
second program quickly without having to
formally exit the first program. Users
can also access more than one program at
the same time with Microsoft Windows.
In addition, this program allows data to
be transferred from one program to
another. The other PIERS cornerstone is
Microsoft Excel, which enables users to
create state-of-the-art spreadsheets and
graphs.

Last year, two hardware items and
three software programs were the main
forces behind PIERS progress.
Philadelphia began working heavily with
an optical character reader, or OCR, a
machine that "reads” documents and adds
them to the database directly without
typing (6). Another hardware item, the
Costimator, enables users to totally
plan machining operations.

In 1988, the shipyards acquired a
specialized expert computer system for
welding, developed by the American
Welding Institute. This software was
provided to Philadelphia welding
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that supplies the backup information to
support the work being done, and the
manhours to complete the standard
element.

This information comes from an area
known as REFTAB or “reference table.”
This reference table contains the stan-
dard data developed by the shipyards and
in easily accessed by one of the follow
ing methods. Code number: the analyst
is given the opportunity to insert the
code number if it’s known. Key word
giving a keyword like "inspect,” the
section of the table containing
“inspect” items will appear on the
screen. Section: each section has an
alphabetic designator assigned; if the
alpha is entered, that section of the
table will appear.

Once the code number is selected,
the code appears on the screen with a
“stock” description. This description
can be edited to better suit the item.
The user requests frequency of occur-
rence for that actions and the manhour
allowance is automatically provided
directly off the reference table. The
program recomputes total manhours each
time another reference description is
entered. When the analyst has completed
the entry of all references for that
particular element, an Allowance Factor
that applies to that specific element is

computes the newly adjusted time. After
all  entry work for a standard is com-
plete, the analyst can produce a manhour
allowance table or readable product that
can be reviewed and edited. As soon as
the standard is ready for final correc-
tion, the analyst can go back into the
worksheets and make necessary correc-
tions. Once again, the manhour allow-
ance table is run and the document is
ready for signature. The document can
now be entered into the mainframe for
distribution to all shipyards.

The procedure just described
produces a finished and signed standard.
It may create more standard data,which
will increase the reference tables. It
will also automatically update the ship-
yard index, so other shipyards can use
the information.

SOFTWARE AND HARDWARE

It’s clear that using PIERS to
build a standard significantly improves
efficiency by allowing the user to
automate time-consuming manual steps.
The two keys to using PIERS are its
database and its software. The example
given above shows how just a few soft-
ware applications can make a major pro-
duct difference. But PIERS has more
than Just a few software and hardware
tools. In addition to CATS E-X-P and
the optical character reader, which have

already been discussed, PIERS currently
has:

word processing

spreadsheet analysis

statistical analysis

structural analysis

computer-aided design

drafting and chart graphics

projects scheduling

electronic mail (9)

as well as several other software
applications that are not self-
explanatory.

One, Costimator (10), is a
computer-generated method of estimating
manufacturing costs and times. The user
can change the data base as needed by
simply inserting new information. Based
on general information the user sup-
plies, the program calculates speeds,
feeds, volumetric material requirements,
and basic machining information.
Additions and revisions can easily
be made to the data base.

Another software package is the
Engineering Document Library (EDL).
This is a computerized “card catalog”
that helps users by  automating their
searches for drawings, documents and
backup data in a local data base.

A similar “card catalog,” Special
Machine Tools (SMT), allow users to
search for machine tools developed at
other shipyards (11 ).

The Engineering Drawing/Document
Information Exchange System (EDDIE)
makes possible the electronic transfer
of documents, drawings and spreadsheet
files between computer systems or
shipyards.

SUMMARY

The PIERS system, with its hardware
and software, now stores a large collec-
tion of standard time data and related
documentation. Studies show that naval
shipyards are averaging at least a 50
percent reduction in the time needed to
create a standard. This percentage will
increase as the size of the data base
increases.

The system is developing
continuously as new hardware features
and new software technologies become
available. An artificial intelligence
project now underway is expected to make
the different components of PIERS even
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more integrated, automatic and user-
friendly.

PIERS provides the naval shipyards
with several significant benefits:

- Systematic description of each
work process

- Organization of work measurement
data into a structured, readily
accessible medium

- Analysis of the production
process to implement methods
improvements

- Reduction in manual effort
required to develop and
maintain mandated time standard
coverage levels

- Significant cost savings due to
more efficient use of production
resources (labor, materials,
plant equipment); improved
production processes; and higher
quality control.

The biggest potential Pitfalls that
would face a system similar to PIERS are
not with the system itself or its users
but with management support for the
system. The Navy is supporting PIERS in
the naval shipyards. Any organization
that contemplates installing a similar
system must place a high priority on
standards development and maintenance
and on management support to succeed.
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ABSTRACT

Following a pattern established by
Japan after World-War II, a number of
other Asian countries are encouraging
labor-intensive shipbuilding as means to
develop their economies. For them, low-
cost labor abounds. As a consequence,
established shipbuilders elsewhere in
the world market cannot be competitive
for ordinary ships including multiple-

such ships of the same type. Their only
alternative is to develop an organiza-
tion that routinely ferrets out and
solves new problems arising from custom-
designed ships and different products
other than ships, regardless of quanti-
ties, i.e., flexible-system production.

An indispensable feature of effective
flexible-system production is a file of
standards which can be adapted to chang-
ing requirements, including requirements
for modernizing naval ships, while at
the sane time permitting reapplication
of significant corporate experience.
This paper addresses such flexible stan-
dards and their significance.

INTRODUCTION

Where the word "standard" is mentioned
in the presence of traditional shipyard
managers, they immediately fantasize
about a material paradise. Regardless of
manufacturing sources, all valves of the
same type and nominal size would be
geometrically identical, pumps for a
specific service of a particular capaci-
ty would have the same foundation inter-
faces and the same nozzle locations, and
so on. For the purpose of completing
their dream, they envision standardized
work methods to match a marketplace in
which only their designs for runs of
standard-series ships would be in de-
mand. That's Tara. If it ever existed,
it’s gone with the wind.

Some traditionalists compound their
self-celusion with the expressed intent
to continue to build, convert, and over-
haul just ships. This narrow focus,
actually a rigid standardization of

in Shipyards
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corporate purpose, has caused shipyards
to close or go into bankruptcy. Years
ago one such firm turned away from an
opportunity to focus on development of
its construction process and to direct
it wherever markets dictated. More re-
cently, a manager in a private shipyard
which has just Navy work, addressed the
need to diversify by saying, "The door
is always open." That inadequate re-
sponse infers continued dependence on
just the Navy and no intent to market
elsewhere.

Despite profound changes in our eco-
nomic world, by the 1973 Oil Shock and
already by the growing influence of
glasnost, traditionalists on both sides
of the disintegrating iron curtain con-
tinue to associate security with stabil-
ity. For free nations, security is in-
herent in flexibility, i.e., the abili-
ties of industry managers to quickly
shift from making plowshares to swords.
For modern industrialists, security is
also inherent in flexibility, i.e.,
regardless of what is being produced,
constantly developing their manufac-
turing systems. No one has made this
solution clearer and provided better
pertinent definitions than Robert B.
Reich in a paper appropriately titled
"The Next American Frontiern":

"Flexible-system production is root-
ed in discovering and solving new
problems; high volume, standardized
production basically involves rou-
tinizing the solutions to old prob-
lems.- Flexible system production
requires an organization designed
for change and adaptability; high
volume, standardized production re-
quires an organization geared to

f 1

Flexibility in this context does not
mean the absence of standardization.
But, the word "standard" in flexible
system production is dynamic; it means
more than the usual dictionary defini-
tion, "something established by author-
ity, custom or general consent." In
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modern industrial systems the word"standard" must be thought of, paradoxi-
cally, as something subject to continu-
ous change. The word should be used as
if it was set off in quotation marks
because what is meant is a standard of
the moment. As soon as something better
is detected, a new or revised standard
is adopted!

For most matters for which standards
are useful, there is no time for achiev-
ing general agreement. A modern manu-
facturing system features unrelenting
analyses which constantly identify even
minute improvements. Authority, custom
or general consent applies to acceptance
of the system for constant improvement
and not to the improvements per se. The
latter are automatically incorporated in
the forever changing standards.

FLEXIBLE MATERIAL STANDARDS

Traditionalists are right when they
first think of material when standards
are mentioned. But the need for material
standardization transcends traditional
concerns. Materials are tangible and
thus comprise the soundest basis for
production control. The most effective
shipbuilders equate material volume to
work volume. Using statistical methods
they have, for work package after work
package of the same problem category,
identified some physical characteristic
of material that varies directly with
man-hours. Thus, as designers define and
refine material requirements, a solid
basis emerges for estimating required
production man-hours. Moreover, the man-
hours are expressed statistically, i.e.,
for each category of work, with a mean
value and standard deviations so as to
reflect real-world variation.

As long as the distribution of the
variations approximates a normal curve,
man-hour allocations and scheduling are
based on the premise that jobs will
probably go over or under in accordance
with a prescribed variation pattern.
But, the operational words in the fore-
going paragraph are "same problem cate-
gory”, an aspect of group technology.
Thus, if a drain pump of a specific type
was included in an outfitting work pack-
age, it would not matter if a drain pump
of a different type was substituted
provided it had equivalent capacity and
provided the problems inherent in asso-
ciated work remain unchanged. The pumps’
foundation interfaces as well as suction
and discharge piping could differ signi-
ficantly without changing the work clas-
sification.

Having appreciation of the foregoing,
the most effective shipbuilders have
over the years built computer files of
so-called standards.. In one case, the
files are based on as many as four stan-

dard machinery arrangements which anti-
cipate four different main-engine types.
For each auxiliary-machine position in
an arrangement two or three different
vendors’ catalog items are certified as
shipyard standards. The items are func-
tionally equivalent but physically dif-
ferent. Moreover, the auxiliary-machin-
ery market is constantly monitored. When
better buys are discovered, based on
evaluations of the effects on required
shipyard man-hours as well as on price,
new vendor catalog items displace old
ones in the files.

For the purpose of declaring vendors’
equipments as shipyard standards, pref-
erence is given to those vendors who
each produce machines of the same basic
design for a range of capacities. Thus,
each standard machinery arrangement for
a particular main-engine type can expand
or contract with engine horsepower. As
any of two or more vendors’ equipments
can be employed for each auxiliary-
machine position without impact on the
normal performance of work, What could
be more flexible and at the same time
practical?

When during contract negotiations the
customer agrees on the selection of one
of the four main-engine engine types and
usage of the flexible material stan-
dards, the shipyard simultaneously knows
all auxiliary-machinery requirements as
well as requirements for large valves,
strainers, etc. which are treated the
same way. Upon contract award or very
soon thereafter, the definition is nar-
rowed down to two, or some other reason-
able number of vendors’ products for
each requirement.

Limiting prospective bidders to rea-
sonable numbers makes it practical to
maintain critically-needed material his-
tories and material codes in a ship-
yards computer file. In some shipyards
this includes design details, approval
records, price and delivery histories
vendors’ prior agreements with procure-
ment terms and conditions, and vendors’
guarantee performances. Thus, in the
moment of action sparked by contract
signing, for each requirement only two
steps remain for a procurement decision~
issuing requests for bids which asks
only for price and delivery, and evalu-
ating a limited number of vendor re-
sponses. Three responses, perhaps one or
two more for certain equipments, are
judged to be optimum for balancing need
for competition against a yard's capaci-
ty to maintain required material infor-
mation in a computer file.

Instead of investigating, some mana-
gers quickly respond, "Neat! But, we
can’t use such standards. We’re building
warships; the government would not per-
mit us to limit the list of bidders.
One shipbuilder who so responded took a
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second look, initiated a survey, and
discovered that there were over a thou-
sand material items in three different
warships for which specifications were
separately written and for which Only
one supplier responded with the same
product. How many thousands more are
there for which there are only two or
three suppliers? Thus defacto stan-
dardization exists and few, if any,
exploit it. The most significant problem
for some of those items is not how to
limit the bidders list. Instead, it is
one of creating a second or third
source, something the U.S. Navy’s office
of Competition Advocate General has beet
doing on a much larger scale.

The former Competition Advocate Gener-
al, Rear Admiral Stuart F. Platt, U.S.
Navy (Retired) recently offered perti-
nent advice:

"Getting up to date on computerized
information systems is the greatest
single barrier to continued gains in
efficiency in the procurement pro-
cess. The fact that we still rely to
a large degree on a paper-based
procurement system is ludicrous.
Internal automation is the most
attractive automation opportunity we
here. It will begin paying off al-
most immediately, in reduced over-
head, faster and better decision
making, and higher quality goods and
services.”

Elsewhere in the same article Admiral
Platt advised:

"There are no fast fixes. Improve-
ments will best be made from a dis-
ciplined inspection of the system’s
fundamentals. Common sense calls for
a procurement process that is
prompt, equitable, and administered
with a firm hand that allows room
for good judgement." [2]

Thus, U.S. shipyard managers including
those in naval shipyards, should inves-
tigate how their material management
systems support their operations. They
would find that they have justification
to change how government procurement
regulations are being implemented. Tra-
ditional material managers should be
pressed to identify and test the speci-
fic procurement regulations that are
believed to inhibit productivity in the
work place. If they are proven barriers
to implementing flexible standards as
thus far described, mangers should be
Unrelenting in their pursuit of perti-
nent regulation changes. Nothing can
facilitate promptness more than flexible
material standards.

Good judgement dictates that equita-
bility should not apply only to Sup-
pliers. A vendor’s sales practices,
credibility and after-delivery services

usually impact more on a yard's produc-
tivity than the vendor’s price. Thus,
equitability should be interpreted as
meaning benefit for all, i.e., design-
ers, buyers, suppliers and production
workers through manifest increases in
productivity and quality. It is for this
reason that Dr. W. Edwards Deming in-
sists that U.S. industry must learn to
deal with fewer suppliers for productiv-
ity reasons! It is for the same reason
that in the most effective shipyard in
Japan, the purchasing department reports
to the production control manager.
There, material, man-hour allocations
and scheduling are inextricably linked.
The linkage is the substance of corpor-
ate experience which becomes ineffective
when too many suppliers are involved.
The linkage is applied in a more pro-
found way than can be surmised from just
understanding flexible material stan-
dards.

FLEXIBLE STANDARD ARRANGEMENTS AND
DETAILS

Eleven-years ago, Mr. Y. Ichinose
presented a paper which disclosed how 
standards, including flexible standards,
were organized and employed by Ishikawa-
jima-Harima Heavy Industries Co., Ltd.
(IHI) of Japan. This insightful paper
advised:

"It is obvious that a comprehensive
computerized design system, consis-
tent from design through production,
could not be effectively realized
without standards or modules."

Conversely the paper also advised:

"Standards and modules show their
greatest advantage when integrated
with a comprehensive computer sys-
tem."

Mr. Ichinose, then president of IHI
Marine Technology, Inc., concluded:

"In the 80s it is hoped that
the...demand for new ship construc-
tion will increase. Although the
major demands may still concentrate
on conventional ship designs, it is
forseeable that modern technology
and sophistication in Ship design
may require more complexity in var-
ious ship’s systems. This complexity
can still be solved by refining the
standards and modules to cope with
the state of the art of the future
era, so we remain convinced that
shipbuilding can be changed to a
mass-production industry without
losing the ability to provide suffi- 
cient ‘tailor made’ features to
satisfy the individual demands of
ship owners.”. [3]

In the context of Mr. Ichinose’s fore-
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ABSTRACT

Outfitting electrical cable in highly sophis-
ticated ships, such as, research vessels, patrol boats,
etc., has significant impact on every aspect of ship
construction, modernization, overhaul and repair. In
other words, cost, schedule adherence and quality
for very sophisticated ships are fully dependent on
the performance of electrical work. Ishikawajime-
Harima Heavy Industries, Co., Ltd. (IHI) has been
exploiting zone logic, also recognized as -
technology, for construction of virtually all ship
types. But, the extensive cable footage in
sophisticated ships requires special considerations
and techniques, This paper presents practicel design
and production processes for zone outfitting electric
cable.

Special focus is on:

1) functional end detail design,

2) conversion of system-oriented
zone-oriented work packages
and

design date to
called pallets,

3) work methods currently employed in IHI
shipyards.

INTRODUCTION

significant advances are being made in North
American shipyards to reduce cost and co assure
schedule adherence by applying zone logic, for
construction, and also for modernization, overhaul
and repair of ships. Everyone so involved
acknowledges that much more needs to be done.
But, most do not yet understand how to include
electric-cable work within the zone approach for
integrated hull construction, outfitting and painting.

Traditionalists regard electric-cable work as
incompatible with zone logic. They insist that most
cables must be installed on board because, "cables
extend over several ship compartments and/or
zones." Where traditionalism has prevailed, cable
work has taken a back seat while full-scale
explications of zone logic are achieving
unprecedented productivity increases for other
types of work. Two different build strategies are
underway at the same time. Unavoidably, cable
installations then proceed rather haphazardly under

old-fashion control which relies on each supervisor’s
experience and intuition while other work proceeds
in a much safer and productive manner. Moreover,
system-oriented work does not yield the corporate
experience needed for constant analysis end
constant improvement in design details end work
methods.

Also, continuing the systerm-by-system
approach for installing electric cables while hull
construction, other outfitting and painting are zone
oriented, increases the probability of unsafe work
situations, cable damage, and rework even for the
other types of work. Any combination of these
conditions could lead to a deterioration in quality
and catastrophic confusion in attempting to
implement a work schedule for a ship as a whole.

Obviously, the solution lies in integrating the
installation of cables with other types of work. In
this connection, design data which are originally
generated in a system-oriented manner must be
rearranged in accordance with zone-oriented
classification criteria. Cables have to be grouped
for both material end production control in
accordance with problems inherent in their
installation. Thus, group technology (GT) has an
important role in the advanced techniques for
installing cable.

The exploitation of GT for cable work is
firmly established in IHI and is now regarded as
indispensable, particularly for the most
sophisticated ships. This advanced process has
brought about a remarkeble outcome for every
aspect of electrical outfitting. An electric-cable
length is regarded es a fitting every bit the
equivalent of a single pipe piece. The approach has
made it possible to adopt the "Cable Pre-cut
Method” which is essential for making cable-
installation work safer, more productive, and
susceptible to production control commensurate
with other outfitting work.

Cable grouping is performed in the Production
Department as a major part of production planning
and given to the Design Department for completion
of the lest stage of detail design. The date base and
processing system for cables, called CLIP (Cable
List Program) is an important tool that is applied
from functional design through production.
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Emphatically, the design,  planning and
production methods for electric-cable installation
work described throughout this paper are routinely
applied in every IHI shipyard for the construction of
highly sophisticated ships.

OVERALL ENGINEERING PROCEDURE

Figure 1 shows the paths for information flow
from the beginning of functional design to
production. The relat ionships to material
procurement functions are also shown. CLIP, which
dominates the figure, is a very efficient tool for
receiving the system-oriented data base generated
by system diagrams as well as for creating
information groups that are most appropriate for
installing cable. The program also produces
production control information of various kinds,

such  a s : cable lengths, cable-tray widths,
penetration-piece requirements and material lists.
From the outset, CLIP was developed and applied
for the construction of sophisticated ships.

The engineering procedure consists of the
following processes:

1) Design

a. Functional Design - Major work typically
includes generation of wiring diagrams,
equipment arrangement, basic design
data, and construction of a data base in
CLIP.

b. Detail Design - This stage specifically
defines cable lengths, cable routings,
cable trays, penetration pieces, etc. as
well as the CLIP data base.
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2) Production Planning - This
important phase because it
system-oriented information

is the most
converts the

that was
generated,. during functional design into zone-
oriented information. The work includes
definition of cable-installation sequences and
methods. The output of this phase is
processed by CLIP to automatically produce
required information such es material lists and
cable-cutting instructions. Other work such as
preparation of the manning plan, cable-
installation scheduling, and setting pallet-
delivery dates, are also performed during this
phase.

Design and production planning are further
described in the next parts of this paper.

DESIGN

In addition to the role CLIP plays as a tool for
grouping work, it has remarkable merit for reducing
required detai1-design man-hours.

The development of an electric-wiring
arrangement (EWA) accounts for a significant part
of a detail-design effort. Before CLIP was
introduced, an EWA was the only drawing developed
for cable-installation work and pertinent
purchasing-data generation. The preparation of
EWA then required a high degree of skill; each cable
was superimposed to 1/25 scale on hull structural
drawings. The process was extremely time
consuming and required a huge manpower
investment. As an EWA shows all cable routes, it
thereby indicates cable lengths, cable-tray
dimensions, penetration-piece sizes, and comprises
the basis for placing purchase orders. EWAS are
also used for installing cables at the production site.
CLIP succeeded, not only in simplifying EWA
formats, but also, in substantially reducing man-
hours and the time required for their preparation.

The design phase consists of:
1) Prerequisites - The following are required

before starting data input into CLIP:

a. Wiring Diagrams - These are prepared
per circuit. Ten-digit circuit numbers,
the names of terminal equipments, and
the types of cable to be used are
identified.

b. Equipment Arrangement - The positions
of electrical equipments in the context of
a general arrangement, machinery
arrangement, cabin arrangement, etc.,
are shown.

C. Main Cable-Way Guidance Plan - This is
needed to determine locations for main-
cable trays. As a general rule cable ways
are superimposed on an equipment
arrangement. This plan presents the
distances from nearest hull structure to
each cable way and also gives the
positions and numbers of cable index
points. The latter are used to determine
routes, calculate cable lengths, establish
cable-tray sizes, etc.

2) Data Input - CLIP requires the following data
input during the design phase:

a.

b.

c.

d.

Cable-Standard Master - The outside
diameters and unit weights for all types
of cables to be used are required. Note
should be made that much of these data
are common to many ships. Therefore,
much is retained in the master file that is
common to other ships. The work
required to input data for a specific ship
is usually negligible.

Circuit Data - The circuit numbers, the
names of terminal equipments and the
zones they are located in, are inputted.
Since these data are conserved from
previous ships’ files, the actual volume to
be inputted for a specific project is
reduced substantially.

Cable Route Data - The index numbers
alongside the route of each circuit runs,
and the distance from the terminal
equipment to the nearest index point on
the route, are inputted. Margins at both
ends of each cable to be precut are taken
into consideration at this time.

Cable-Way Data - The distances between
all index points on the main cable way 
guidance plan are inputted. These data in
combination with cable-route data used to 
calculate cable lengths.

3) Preliminary CLIP output - CLIP preliminarily
outputs the following information after
processing the data inputted during the design
phase.

a.

b.

c.

d.

cable route list - The circuit number, the
type of cable, the names of the terminal
equipments, the index points through
which the circuit pass, and the cable
cutting length are outputted for every
circuit in the form of a list.

Cable point list - By each index point,
the circuit numbers of all cables pass
through are outputted in the form of a
list. The sum of outer diameters of all
cables, that determines the cable tray
width, is also provided.

Cable quantity - The required cable
length is summed up for each cable type
and the purchase order is forwarded to
the cable supplier.

Fitting information - Sizes and required
quantities of penetration pieces, “Multi
Cable Transit"s ( MCTS) and glands are
outputted, and thereby the fabrication
details are developed. Another computer
system which is capable of on-line
processing being connected to CLIP
determines the arrangement of MCT
elements in a frame.
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Aforementioned outputs are next processed in
a production planning phase for determining
the best sequences and methods and for
converting system-oriented information into
zone-oriented information.

PRODUCTION PLANNING

Production planning work consists of the
following processes:

2)

Zone Designation - Figure 2 shows typical
zone designations. In this example the ship is
divided into five zones: forward, midships less
the engine room, aft, engine room and
superstructure. Each cable is assigned to the
zone or zones through which it runs. Thus a
cable may be assigned to one or as many as
five zones. Cables in common zones are
grouped by problems inherent in their
installation. Then, they are broken down to
the pallet (work package) level. A pallet is
the smallest unit for the sake of controlling
material and is determined in accordance with
two levels of grouping;

First-Level Grouping - The cables assigned to
each zone are first grouped, in accordance
with factors, such as, time to be installed,
cable way to share, and locations of terminal
equipments. This grouping is also used to
determine the fundamental work procedure
which will have a significant impact on the
success of subsequent planning and installation
work. Therefore, the grouping is performed by
the same production engineer who will be in
charge of work for electrical outfitting on
block and on board.

First level classifications are:

a. Lighting-Cable Group - This work is
given top priority because the ship’s
lighting fixtures will be used for
illumination during construction. Since
80% of the cables in this group will be
installed on upside-down blocks before
hull erection, the work to be completed
on board consists mostly of uncoiling
cable ends and pulling them across
erection joints.

b.

c.

d.

e.

f.

Interzone-Cable Group - These cables run
across several zones. They are further
broken down according to the zones where
terminal equipments are located.

Intercompartment-Cable Group - These
cables run through several compartments
within one zone.

Local-Cable Group - These cables run
exclusively inside a single compartment.

Coiled-Cable Group - These are cables
that are to be pulled into position except
for their ends. The ends are temporarily
coiled at a bulkhead or at a block erection
joint pending being able to pull them into
position during a latter work stage.

Other-Cable Group - These are cables
that do not fit into the aforementioned
groups. Usually they are cables that
cannot be installed until after certain
equipments are blue-sky landed or after
certain blocks are erected, e.g., a main
engine and the engine-room closing block.

After such formal classification of cables, the
most appropriate cable installation procedure
is developed and documented as shown in
Figure 3. Immediately thereafter, the
production engineer who performed first-level
grouping interact with engineers for other
work in order to avoid unintentionally having
troubles by doing different kinds of work in
the same zone during the same stage. As a
consequence of the interaction, all groups
usually have to make some adjustments in
their proposed schedules. An electrical
master schedule is formulated simultaneously.

3) Second-Level Grouping - At this level, there
is a further break down in order to generate
pallets (work packages). Detail scheduling,
setting pallet delivery dates, and identifying
pallet-interface problems are part of second-
level grouping responsibilities.

Second-level grouping is carried out by the
supervisors who will be in charge of the actual
cable-installation work. They are supervised
by the engineer in charge of first-level
grouping.

FWD Zone



For each of the zones shown in Figure 2, an
assis tant  foreman or  a worker having
sufficient experience and skill, would be in
charge. As a matter of course, the foreman
who coordinates electrical outfitting will give
advice when need exists.

c.
a. Second-Level Breakdown - Each first-

level group is further broken down by
taking into account such factors as
terminal equipments, compartments in
which equipments are located, cable trays
shared, locations of penetration pieces,
etc. As a consequence of this process the
groups which are identif ied,  each
containing 30 to 40 cables, are regarded
as pallets.

b. Implementation Schedule and Pallet-
Delivery Dates - The electrical master
schedule, formulated simultaneously with
the cable installation procedure, is
updated by making use of most recent
planning information. Thereby, the

implementation schedule is formulated by
breaking it down into activities which are
the equivalents of pallets. Pallet-delivery
dates are set based upon this latest
activity.

Color Marking - Cables are positioned
and strapped as soon as possible after
they are pulled. Thus, despite extra
length provided as a margin and correct
precutting, a cable that is not pulled
completely into its designed position
could cause rework or even scrapping of
the cable. The potential is greater when
terminal points are located outside the
working zone. In order to assist workers
in pulling cables into their designed
positions, the precut cables are marked
before they are pulled with colored vinyl
tape at key points such as one which
corresponds to a bulkhead penetration.
Planning for such marking points is part
of the second-level grouping activity.



d. Interface Problems - At this level
potential pallet-interface problems are
identified in detail. They are organized
as a check list to insure that they are
addressed, solved and verified during the
production phase. It goes without saying
that this activity improves coordination
efficiency and minimizes losses that
would otherwise occur during
construction.

The refined planning that results from second-
level grouping is incorporated in CLIP.

4) Final CLIP Output - CLIP's refinement of
preliminary planning yields the following:

a. Material List of Fittings (MLF) - Each
MLF is a bill of material by pallet and
represents a refinement achieved by some
rearrangement of the CLIP-produced
cable-route list during design phase.
MLFs are used for production-control
purposes, including by cable suppliers for
precutting and assembling cable-lengths
into pallets.

b. Cable-Point List - This is an updated
version of the preliminary cable-point
list.

c. Identification Stickers - These stickers
are needed for the purpose of identifying
precut cables during warehousing and
installation. They are fried to both ends
of each cable and identify circuit number,
pallet number, names of terminal
equipments, and color-marking
specifications.

MLFs and identification stickers are delivered
to cable suppliers. MLFs and the cable-point
list are sent to production.

PRODUCTION METHODS

The foIlowing work methods which support
zone-oriented cable installation are noteworthy:

1) Cable Precutting - Precutting virtually all
cable is most important for implementing
zone-oriented cable installation work. Each
pallet consists of many types of cables that
have common problems inherent in their
installation. Systems to be served and cable
types are not relevant. Therefore, bringing
reels for  many types of cable on board, as in
traditional shipbuilding, is impractical and
unsafe. They needlessly clutter working
environments and, if not sufficiently secured,
could be very dangerous on cambered decks or
on decks that are inclined due to list, trim,
etc.

All except very small-diameter cables, e.g.,
lighting-circuit cables, are precut. The
supplier delivers precut cables pallet by pallet
complete with identification stickers and color
marking per MLF cutting and other
instructions furnished by the shipyard.

2)

3)

4)

Lighting Cable - In order to secure
trafficability and workability on board, and
sometimes even on block, a ship’s lighting
fixtures should be put into use as soon as a
space is enclosed. The majority of lighting
cable and fixtures are fitted on block when
blocks are upside down, so that they can be lit
immediately after block erection.

Usually, lighting cable pulled from reels
comprises about 5% of total cable length
required.

On-Block Outfitting - In addition to lighting
cable end fixtures, cable trays, foundations
and supports, penetration pieces associated
with electrical systems, are also outfitted on
block. This accounts for about 85% of
required electrical fittings.

Bundled Wiring - Pulling several together,
applies to cables that are relatively straight
over long runs and that pass together through
the same MCTs. If care is taken to avoid
abrading cable insulation during the pulling
process, manpower savings are realized by
using small pneumatic winches and pulleys.

CABLE PROCUREMENT

Figure 4 shows a flow diagram for cable
procurement processes. First, and initial purchase
order is placed, based on preliminary quantity by
cable type as produced by CLIP. Generally, the
order is placed 90 or more days before the earliest
pallet delivery date. A specific pallet delivery
instruction, complete with MLF, cutting,
identification and marking information, is issued45
or more days before each required pallet-deIivery
date. For the purpose of assessing about when
pallets should arrive, Figure 5 shows typical
expected progress for cable installation work
relative to key dates.

As a consequence of purchasing cable already
precut, palletized and designated for just-in-time
delivery by pallet, there is a great reduction in
shipyard man-hours, space required for material
handing, and in the total amount charged (interest)
for the money used to purchase cable. Shipyard
personnel are freed from reception and storage of
hundreds of reels, precutting cables in warehouses
or on board, and from other material marshaling
chores.

Suppliers benefit also because demand on them
does not fluctuate as much and their renumeration
is greater because of the additional services they
render. As long as they maintain sufficient supplies
to assure shipyard deliveries on time, they have
more freedom in serving other customers compared
to having huge stocks in a shipyard warehouse,
perhaps on consignment, that are not needed by the
shipyard for quite some time.

Although supplier precutting, identifying and
marking increases cable unit costs, the cost benefit
from improved material and production control
surpasses, by far, the cost increases. The result is
unquestionably advantageous.
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Even if a cable supplier cannot be found to
provide the increased services at reasonable added
cost , precutting, identifying, marking and
palletizing cable should be performed within a
shipyard before cable is released to production.
There is no question about it; there will be justifying
savings resulting from improved production control
through control of material.

EVALUATIONS

The various effects brought about in IHI
shipyards by the approach described in this paper
are:

1)

2)

3)

There were substantial improvements in both
design and production productivity. Accurate
tracking of cable-pulling work progress was
greatly facilitated. All that has to be done is"cross off" on able-point and route lists as
work progresses. As the work is classified by
problem category per GT logic, productivity
indicators such es man-hours per cable-length
pulled, became very accurate end became
sound bases for budgeting and scheduling for
the normal performance of work, in a
statistical sense. Thus, trends toward
schedule lapses were immediately detected
before they became of serious consequence.
With prompt and appropriate remedial actions,
unexpected delays were completely
eliminated.

More efficient coordination was achieved
between cable-pulling work and other types of
work because interface problems were
identified in advance. Such potential problems
were discussed and priority countermeasures
were incorporated during the planning and/or
scheduling for all types of work involved.

The beneficial results of using group leaders to
perform production planning, who were later
to be in charge of cable installation work,
were conspicuous during the production phase.

4)

Besides what they contributed to planning
documents, every small unwritten detail that
they had detected while performing production
planning, was recalled and applied by them, as
they supervised cable installations, to
manifestly further improve efficiency.

CLIP significantly streamlined design work.
Noteworthy simplification was realized in the
wiring arrangement which before, required
many man-hours, skilled designers and large
drafting tables. The skilled designers and
saved man-hours are now applied for more
sophisticated design duties. The CLIP
processing system and data base are absolutely
indispensable for transforming data by system
to data by zone. The application of zone logic
to facilitate cable installations is impractical
without a processing system like CLIP and an
appropriate data base. Moreover, CLIP made
it practical to precut cable because of its
reliability when calculating cable lengths.
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5) Since all cable information for a ship are
conserved in the CLIP data base, design data
so filed can be easily reapplied when building
different ships of the same type. Moreover,
because all significant aspects of cable usage
are captured as corporate data that is readily
recallable, cost estimating with a high degree
of accuracy has become practical. In addition,
the conserved data base has also proven to be
very useful for modernizing, overhauling and
repairing ships.

CONCLUSIONS

Cable installation work was once always
regarded as the most difficult to plan and control
with zone logic. But, after CLIP made it practical
to transform system-oriented data to zone-oriented
work packages, zone logic has been successfully
applied and reapplied for installing cable in ships.
The zone approach is now routine in IHI shipyards.

Improvement in coordination with other trades
during the busiest stage of cable installation, is still
being realized. The improvement process is not
likely to stop.

Emphatically, the more complex that a ship is,
the more CLIP is essential for cost, scheduling and
quality matters. The fact that CLIP is applicable
and effective for modernization, overhaul and repair
work, in addition to construction work, is reiterated.

While cable installation work is generally held
to be very important, its importance is increasing
with the increasing density of cables required for
the seemingly unlimited sophistication of numerous
electric and electronic equipments of every kind,
that are now being fitted in ships. CLIP is being
improved to keep up with this extraordinary
demand.

The addition of computer-aided design (CAD)
functions for automatic design and drafting of
fittings, and automatic determination of cable
routes, are regarded as priority subjects to be dealt
with in the future. But, at the same time, IHI is
also applying priority efforts for the development of
fiberoptic systems and multiplexed communication
systems, for the purpose of reducing cable
requirements.
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ABSTRACT

The initial phase of a two part
study to develop a simulation procedure
for shipyard material handling
operations is described. This phase
involved investigation of software
alternatives available for simulation,
optimization, material handling and
data base management. Additionally,
material classifications, equipment
choice figures of merit and a material
handling equipment data base have been
developed. The paper presents a
discussion of the software
investigation and presents choices and
rationales to be used in the second
phase. Additionally, the format and
typical entries in the material
handling data base will be presented.
A detailed discussion of the final
figure of merit equation developed and
to be used is also included. Finally,
the results of a feasibility study
concerning the potential for successful
simulation of the problem is presented.

INTRODUCTION

Effective management and control of
modern product-oriented shipbuilding
systems is based on control and
monitoring of material. Work packages
are organized around pallets, which are
conceptual and physical groupings used
for production scheduling and control.
Numerous  cho i ce s  o f  ma t e r i a l  o rde r i ng ,
f a b r i c a t i o n , s t o r a g e ,  m a r s h a l l i n g  a n d
h a n d l i n g  s y s t e m s  a r e  p o s s i b l e .  O p t i m a l
se l ec t i on  f rom among  the se  cho i ce s  can
s i g n i f i c a n t l y  i m p a c t  o v e r a l l
p r o d u c t i v i t y  o f  t h e  s h i p b u i l d i n g
p r o c e s s . S imu la t i on  mode l ing  i s  a  t oo l
tha t  can  be  e f f ec t i ve ly  employed  to
op t imize  cho ices  i n  a  complex  dec i s ion
making environment . S p e c i f i c a l l y ,  f o r
a given objective function, such as
total cost, a minimum can be obtained
by simulating the results of a series
of possible solutions. In this case,
the desired solution is a choice of
material handling equipment to be used
to move particular items from one work

station to another. By coupling a
simulation of the entire series of
moves associated with a shipbuilding or
ship repair project, with the
computation of the total cost
associated with the moves, a least cost
assignment of material handling
equipment to specific moves can be
accomplished. The research reported on
here involved the formulation of the
procedures and necessary data bases
with which to generate a minimum total
cost for planned material movement.

DATA BASE DEVELOPMENT

Three data bases are required in
order to analyze the material handling
choices. These describe (1) the
material handling equipment available,
(2) the material to be moved, including
time and location it is needed for the
succeeding work operation, and (3) the
facility layout, indicating the work
stations to and from which material
must be moved. The data bases will
provide input data to the simulation
model. Therefore, they must contain
information in sufficient detail to
permit valid analyses to be conducted.
They should not, however, contain more
detail than can be effectively used in
the simulation. The actual flow of the
simulation model proposed will be
presented later in the paper. However,
there are certain prerequisites
associated with each of these data
bases.

Material Handling Equipment Data Base

The material handling equipment data
base must contain information that will
enable two major functions to be
accomplished. First, the feasibility
of using a particular piece of material
handling equipment for a given move
must be verified. This is a necessary
condition for further consideration of
the piece of equipment. The
feasibility verification requires a
determination that the equipment is
capable of handling the weight, size
and route required for the move. It
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also implies that the equipment is not
currently being used for another move.
The second function involves making an
optimum choice of available equipment
based on a computation of the cost of
using a particular piece of equipment.
Since there are likely to be many
possible choices, the simulation model
should be run making different choices,
so that these options can be compared
after evaluating total project costs.
The data categories for equipment must
enable the model to determine these
characteristics. Figures 1-5 show the
heading categories for the files that
comprise this data base. These files
are for specific types of material
handling equipment, including,
bridge/gantry cranes, mobile
cranes/crane trucks, jib cranes,
transporters/trucks/rail cars, and
forklifts. The first two columns are
the individual equipment model and
name. The next set of columns indicate
handling capacities of the equipment.
This data can be used to determine the
material category classifications for
which this piece of equipment may be
used. The next column indicates the
work station combinations (source and
destination) which the equipment can
service. The travel speed, used to
indicate the length of time required
for a given move is included next.
This includes both loaded and empty
travel speeds.
The type of energy used is provided in
the next column. There is also a
category, indicated by a code, that
directs the user to a file that
describes the equipment manufacturer.
Figure 6 is an example of this file.
The remaining columns contain equipment
specific cost data. These costs are
described in detail in the section that
presents the figure of merit formula.

These files are used to develop a
new file, called the potential
equipment list. This file is
contiunally updated for each move and
over time during the simulation. A
more detailed description of the flow
of the simulation and the use of this
file will be presented later. This
file, an example of which is shown in
Figure 7, also identifies the piece of
equipment by name. It then has a
capacity code to indicate the number of
items within a material classification
that can be handled by this piece of
equipment. A column, updated
throughout the execution of the
simulation indicates the status of the
equipment, including available, in use,
or down. Another column indicates the
location status, i.e. where a piece of
equipment is located in the facility at
a given time. This information is also
updated during the simulation.
Finally, a series of columns indicate
the cost categories, including labor,

energy, maintenance, down time,
purchase, installation anti debt service
costs . The last column is one total
cost associated with the use of a given
piece of equipment up to the current
time in the project (for a given
simulation run). Note that while most
of the data categories are constants,
some are variables that are updated
during the simulation and some may be
stochastic, i.e. represented by a
distribution. These  variables are
evaluated using typical random number
generators during the running of the
simulation. The optimization. equation,
used to compute total cost, is shown
later in the paper.

Material Class Data Base

Since the number and variation of
individual items to be moved during a
shipbuilding or major ship
repair/overhaul project is extensive, a
means of limiting the size of this data
base to manageable proportions is
required. In order to accomplish this,
a material classification scheme is
used. This scheme employs ten major
classes, with the ability to subdivide
the classes into sub-categories based
on the specifics of the material
handling problem. The classes include:

1.
2.
3.

4.
5.

6.
7.
8.
9.

10.

Structural raw materials
Outfitting raw materials
Pipe and tubing fittings and
valves
Electrical system components
Hull and superstructure
components
Fastening materials
Motors and pumps
Major equipment
Sheet metal components
Miscellaneous materials

The specific sub-categories within
these major equipment categories are
shown in the table in the appendix.
Also, in addition to these categories,
the data base must handle five
assembly stage outputs, including sub-
assemblies, outfit units, sub-blocks,
blocks, and grand blocks. These
outputs are primarily identified by the
material handling constraints, 
including size, weight and special
considerations [1,2]. .

Facility Layout Data Base

This data base is a direct function
of the simulation software to be used.
Most manufacturing simulation software
packages include a simple structure for
input of the facility layout.
Consequently, no specific
recommendations on the format of the
layout input is made in this phase of
the research. Following development of
a case study of the material handling
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Figure 7 Potential Equipment List

simulation (phase II of the research),
the specifics of inputting the layout
will be explained.

SOFTWARE CHOICES

Data Base Management

The choice of software to be used in
developing the data bases was made
based on two primary factors. These
are the ability of the data base
software to perform the necessary
functions, and the transferability of
the software between shipyards.
Consequently, a relatively powerful
data base handling software package is
required. Additionally, it must be a
system that is readily available or
already in common use. One such
software system that satisfies these
requirements is LOTUS 1-2-3 [3].

LOTUS 1-2-3 offers a typical
spreadsheet approach to data base
management. The software is readily
available for PC operation on most
commonly used machines. It provides
ample space for the major data bases
required, offering 256 columns and 8192
rows for data entry. The information
required per piece of material handling
equipment is considerably less than the
256 column capacity. Similarly,
shipyards are not likely to have in
excess of 8192 individual pieces of
material handling equipment to be
managed and scheduled. The spreadsheet
format is one with which most computer
users are familiar. It is also quite

powerful, providing considerable
computational and sorting capability.

Simulation

There are many manufacturing
simulation software packages available
for consideration for use in optimizing
material handling. Summaries of these
packages are generally presented and
updated annually by a number of
journals, including INDUSTRIAL
ENGINEERING [4] and MODERN MATERIALS
HANDLING [5]. More than 50 such
software packages are currently on the
market. Consequently, choices cannot
be made based on trials of these
various packages. Again, simple
criteria must be applied and choices
made. The major criteria are
flexibility, capability, availability
and relative cost. Use of packages
that are commonly used and readily
available is prudent. Given this need
to make a choice without the benefit of
comparative testing, this
recommendation is based on availability
and common use. Most simulation
packages that have been developed for
manufacturing application using PCs are
capable of dealing with the problem to
be addressed in this research. Of the
packages available, SLAM II, perhaps
with the graphical add on package TESS
is recommended [6]. This software is
commonly available, has been used in
numerous applications and is backed by
an on-going support service. It is
relatively easy to use and has both the
power and flexibility needed to develop
a material handling optimization
simulation program for a shipyard.
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Should an individual shipyard have
another standard simulation package
available, switching from SLAM II
should be relatively easy using the
model developed in this and the second
phase of the research.

OPTIMIZATION/SIMULATION FEASIBILITY

The actual material handling
simulation and optimization program
will require the development of a
number of parts. These can be
subdivided into optimization and
simulation. The optimization is based
on the development of a “figure of
merit” or total cost formulation. The
feasibility of conducting the
simulation will be addressed by
considering the data required, the
outputs expected, and by developing a
flow chart of the simulation procedure.

Figure of Merit Formula

In order to evaluate optional choices

Total Cost ($ /Project) =

of material handling equipment, a
figure of merit (cost) formulation must
be developed. Using this formula,
applied to each move and the associated
piece of material handling equipment
used, a total cost of material handling
equipment choices can be determined for
a given plan. The total cost of
various plans can then be compared.
The cost formula computes cost in four
basic categories. These include the
labor cost associated with the use of a
given piece of material handling
equipment, the energy cost, the cost
associated with “emergency” or
unanticipated breakdowns of the
equipment, and the cost of having the
equipment available, including
purchase, depreciation, scheduled
maintenance, etc. These costs are
combined on either an hourly use rate
or over a total projected project
duration and then summed for the
project. The figure of merit
formulation is given below.

SUM [labor cost * actual working time (hrs)
all moves

+ energy cost * actual working time (hrs)

+ emergency breakdown cost

+ ( (purchase cost = installation cost)
* depreciation coefficient + interest cost
+ maintenance cost) * project utilization
coefficient (partial yearly usage of equipment
on a specific project)]

where:

Labor Cost (S/hr) = Number of operators
* Average wage/hour/operator

actual working time = travel time + load time + unload time

Energy Cost (S/hr) = Cost per unit of energy type used
* energy consumption at maximum output
per hour

* energy utilization coefficient

Maintenance Cost (S) = Constant or stochastic (distribution)

Emergency Breakdown Cost (S) = (1 - reliability coefficient)
* (delivery delay cost per/hr
+ inventory COSt per hour
+ overtime cost per hour
+ idle time cost per hour;

* repair time (hrs) ,
stochastic (distribution)

Purchase Cost (S) = constant
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Installation cost ($) = direct installation cost
+ area utilization cost
+ additional facility (building)

construction cost

Interest Cost (S) = (purchase cost + installation cost)
* interest rate

The constant values must be input to
the individual shipyard material
handling equipment data base. Given
these data, the simulation can then be
run to provide a means of evaluating
alternative choices of material
handling equipment usage and
scheduling. Note that in the total
cost equation, labor and energy costs
for a particular ’piece of equipment and
a specific move must include unloaded
moves (if required) to position the
equipment where it is needed. The
simulation model will account for this
requirement. Additionally, capital
costs (purchase and installation), must
be based on present value computations.

Simulation Approach

The simulation is used to provide
and compare material handling equipment
choices and schedules. Initially, the
overall project schedule must be
defined by work and material category.
In effect, a combined graph of work
control parameter versus time is
required for each work station pair,
i.e. source and destination, involved
in material movement [7,8]. This will
be nearly every work station. The

major exceptions will be work stations
that are directly linked to succeeding
or preceding work stations, such as a
panel line. Here there is no material
handling choice since there is a direct
connection and most likely dedicated
equipment for material handling. For
the remainder, the graphs are as shown
in Figure 8. The predominant
parameter, as in product oriented
scheduling, is weight. However, where
other parameters are used, such as
number of pipe piece connections, a
parameter to relate the work schedule
to the material handling schedule is
required. The material classification
categories previously defined will be
used here.

Given this material handling
schedule to support the master
production schedule, the simulation may
begin. The inputs to the simulation
from the material handling schedule are
the feasible material handling
equipment for each move, the distance
of each move, and the handling weights
per material category for each move.
my piece of material handling
equipment that is in the feasible data
file may be ready to be used at the
beginning of a working period, or only

Production Index
(weight, number of
pipe pieces, etc.)

Figure 8 Material Movement Schedule
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for some portion of that period. The
equipment may need to be moved empty to
the required work station, and it may
be used for a single move, or for a
series of moves in sequence.
Similarly, materials to be moved may be
ready and prepared to be moved at a
given point in time, or a distribution
of probability of it being ready can be
used.

The simulation is then run. It will
produce outputs which define the piece
of material handling equipment utilized
for each move, the utilization time for
each piece of equipment, and any delays
associated with either lack of

availability of material handling
equipment or materials to be moved.
Based on these outputs, the total cost
for the project of that option can be
computed. A simplified flow chart for
this simulation is shown in Figure 9.
The primary feedback loops are from the
simulation to the potentially useable
equipment data file, to update and
choose for the next move scheduled, and
from the analysis and result storage
back to the potentially useable
equipment file to run a new simulation
of the project. A series of simulation
runs can be compared to choose a least
total cost material handling equipment
utilization schedule.

Figure 9 Simulation and Optimization Flow Chart
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A significant consideration in this
proposed simulation is the method of
choosing a piece of equipment for a
specific move. Two suggestions are
presented and will be incorporated in
the final model. First, manual
(possibly interactive) selection is
recommended. In effect, this is the
way moves are currently scheduled in
most shipyards. The manager of the
department responsible for providing
material handling equipment commonly
uses some combination of a schedule and
immediate requests to make short term
decisions and assignments. The model
should therefore permit this expertise
to be applied to provide a starting
point. The simulation can then be run
to evaluate this proposal and to
generate similar but alternative
approaches. The second approach is to
automate these decisions based on a set
of heuristics. The model will employ
such a set of heuristics, but in actual
use, each manager should have the
opportunity to adjust the heuristics to
suit an individual shipyard’s needs and
capabilities. These two approaches can
be combined, either by providing
interactive override of heuristic
choices by the manager, or by using the
heuristics to develop alternate
schedules based on the initially input
material handling equipment utilization
schedule.

Simulation Feasibility

There are two primary issues of
feasibility. The first involves the
size and therefore running time of the
model. The use of material categories
and the scheduling parameters is a
means of limiting the size of the
simulation model. There are fifteen
material categories, including the ten
for specific individual material items,
plus the five assembly categories.
There are likely to be between 15 and
30 work station locations required to
model the production process. This
size model should be well within the
capabilities of the PC based version of
SLAM II recommended for use.
Additionally, the material handling
equipment data base should not be
difficult to develop or handle.
Similarly, the project schedule, if
appropriately developed using the
schedule parameter approach should also
not be too large or cumbersome to
handle. Clearly, the movement of every
single item is not intended to be
incorporated in the model. Rather,
preplanned moves of equipment,
manufactured parts and assemblies
between work stations only are
evaluated by this model. Thus the
large frame material handling issues
are involved. Subject to project
specific needs, however, the model can

be used to evaluate “critical” moves no
matter what category (including size,
weight, etc.) material is involved.
Therefore, preplanning of moves is a
prerequisite to the use of the model.
The simulation model should be an
effective tool to evaluate changes from
the plan and to alter the material
handling schedule to deal with such
changes.

The second feasibility issue is more
difficult to analyze prior to actually
attempting to develop the model. This
involves the heuristics development for
making individual equipment choices.
Heuristics can be extremely difficult
to develop. This seems to become a
more significant problem as they more
closely model the actual decision
process employed by an experienced
decision-maker. In developing the
simulation model, less meaningful but
simple heuristics can be a useful
starting point. The accuracy (utility)
of the heuristics can then be increased
incrementally until they are either
satisfactory or the efficiency of the
model begins to deteriorate
significantly. While there is no
assurance that such a set of heuristics
can be obtained, the increasing success
of such simulation modeling in other
manufacturing environments provides
some optimism [9, 10, 11].

OTHER USES OF THE MODEL

There are a number of possible uses
for the model proposed in this paper.
The two primary areas of use involve
material handling equipment decisions
and scheduling. In the first area, the
model should be effective in two
significant areas. First, decisions on
buying and selling material equipment
can be justified by running the model
with the material handling equipment
data base appropriately changed.
Benefits in cost and schedule will be
readily apparent. Additionally,
maintenance and breakdown records can
be used to improve the accuracy of the
data base, and then can be used to
improve the scheduling of maintenance
and prediction of breakdowns.

In the area of project scheduling,
the model can be used to consider the
impacts of schedule changes on material
handling requirements and costs. Such
an analysis can highlight bottleneck
operations and therefore permit
critical review of the manufacturing
system. Similarly, the model can be
used to evaluate the shipyard layout,
and to provide material handling cost
figures for layout alterations. The
use of manufacturing simulation in
other industries has lead to
improvements in system problem
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identification and solution. This
includes not only scheduling, equipment
and layout, but also quality, batch
size, labor utilization, etc. It is
this author’s belief that simulation
holds similar promise for shipyard
operations improvement.

CONCLUSIONS

This paper reports on the first
phase of a two phase research project
concerning the use of simulation to aid
in the choice of material handling
equipment for use in a shipbuilding or
ship repair/overhaul project. The
paper describes the results of attempts
to carefully formulate the problem,
both to indicate the data required and
to evaluate the feasibility of
producing software that would be-useful
to shipyard material handling
department managers. Although only
completion of phase II of the project
can definitely establish the viability
of simulation to solve this problem,
the author is encouraged by these
results. Additionally, while the size
and scope of shipyard projects
represents a significant problem in
utilizing simulation, it appears
possible to handle a problem of this
size, if it is formulated in the manner
recommended. A key factor, as in any
simulation, is the accuracy of input
data. In particular, schedule and work
progress parameter data must be valid
in order to produce valid simulation
results. Despite this potential
difficulty, the use of simulation shows
considerable promise as a tool to help
reduce costs and improve planning of
material handling operations in a
shipyard.
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HARNESSING SIMULATION FOR THE NAVAL 
SHIPYARD

Managers in the shipyard environ-
ment, no less than any other industry,
want a reliable and cost-efficient
method for analyzing information and
guiding decisions. The bottom line is
discovering the most productive utili-
zation of limited resources for the
maintaining of nation's defense. With
personal computers on the desks of many
technical managers and industrial
engineers, computer simulation has be-
come a realistic and valuable tool for 
planning, evaluating, and implementing
industrial processes.

Simulations make it possible to
study the behavior of systems so com-
plex that known analytical models
cannot represent them accurately.
Simulations model real systems. The
models capture the key relations among

elements of systems. Discrete-event
models represents processes as sequences
of independent events. Discrete-event
simulation projects and evaluates the
impact of changes that could be made to
a system, without incurring the expense
and risk of trial and error within the
system itself.

Simulation development systems for
the microcomputer offer analysts and
managers tools that can fit any number
of decision support uses. Simulation
software is being used by the military,
civilian government, and private enter-
prise for applications ranging from
transportation, warehousing and 
materials resource planning to Flexible
Manufacturing System uses. These tools
are proving invaluable for the evalua-
tion of proposed systems or policies.

Simulation provides Naval Shipyard
personnel an important opportunity to
utilize existing hardware to meet new
challenges . The approach has been
applied only minimally in the shipyard
environment. The Simulation Workshop
planned for mid June in the Washington
D.C. area, will provide an opportunity
for managers and engineers to explore
the uses of simulation to meet real
needs. This workshop will prepare
participants to evaluate shipyard

11-1

activities as subjects for simulation,
estimate the investments required to
perform simulation, and project the
potential benefits.



HARNESSING SIMULATION FOR THE NAVAL
SHIPYARD

I. THE CHALLENGE

The Naval Shipyard presents a full
spectrum of management challenges and
engineering applications. Work packages
that include detailed specifications and
time schedules must be prepared. Consi-
der the headaches of berth scheduling,
on-board ship maintenance, inspections,
component disassembly, refurbishment and
reassembly in the shipyard machine shop,
materials handling and transportation.
All of these demand careful distribu-
tion of resources: space, equipment,
tools, labor, and skills.

Where are the potential bottlenecks
in your new assembly line design? Do
you need eight forklifts or ten? How
often does such and such a piece of
equipment fail? Would an extra shift
be a cost-effective means of improving
performance? The botton line is dis-
covering, within the confines of time
and budget restrictions, the most pro-
ductive utilization of limited resources
for the maintaining the nation's de-
fense. Accomplishing this ongoing task
requires the analysis to vast amounts of
information.

Managers in the shipyard environ-
ment, no less than any other industry,
want a reliable and cost-efficient
method for analyzing information and
guiding decisions. We naturally turn
to computers. They can help us make
decisions by gathering, organizing,
evaluating and displaying information
in forms we can assimilate and under-
stand. Computers have long been famil-
iar to us as managers of information,
whether for our personal checkbook
accounting, the automobile dealers'
parts inventory, census data, airline
flight schedules, or, of course, the
IRS . As sophisticated software tools
have been developed, computers have be-
come an integral component of every
major weapons system. Computers also
have become prominent in manufacturing
for process control, plant management
and engineering design. In recent years
computers of ever-increasing power and
speed have become available to lower
costs. The microcomputer explosion has
placed personal computers on the desks
of many technical managers and engi-
neers. This trend is providing access
to a computer tool tremendous potential
benefit to the Industrial Engineering
World. The tool is Simulation.

Computer simulation is serving
military and civilian government, and
private enterprise. The specturm appli-
cations range from determining a realis-
tic launch schedule for the Space Shuttle
to optimizing service at McDonalds.
Simulations have been used to analyze
air traffic control, telephone switching
systems, and factory layouts. The
illustrations are abundant. For ex-

ample:
0 Hughes Aircrait used simulation to

help determine equipment and per-
sonnel needs as well as the factory
layout for their ADCAP Torpedo
production facility.

0 Caterpillar, Inc. has simulated the
impact of two FMS (Flexible Manu-
facturing System) design alterna-
tives, and the transportation of
parts by van versus flatbed.

0 The U.S. Army used simulation to
evaluate and validate the capacity
and line balance of production
activities and work station
sequences for new facilities at
the Red River Depot.

II. THE APPROACH

To examine computer sibilation as
a valid approach to industrial analysis,
we need to consider a general descrip-
tion of what simulation has to offer.
Secondly, we can better envision the
potential of simulation through a
practical illustration of a discrete
event simulation model. Thirdly, with
the illustration in mind, we will look
briefly at the basic methodology% and 
finally, survey the potential Output.

A. GENERAL DESCRIPTION OF SIMULATION

Simulations differ from many com-
computer applications in the view they
present. They enable us to view what
can be, rather than what has been.
Simulations make it possible to study
the behavior of systems so complex
that known analytical models cannot re-
present them accurately. Analytical
methods fail to provide answers to
many of the questions that managers
have to ask when making real decisions.
Simulation methods help analysts and
managers organize their intuitive
understanding of industrial processes
that involve complex interactions and
uncertainties. In turn, better under-
standing of industrial processes leads
to strategies for improving operations.

Simulations model real systems.
Typical subjects include queueing net-
works, non-linear, multivariable stoch-
astic processes, and feedback in net-
works. The models capture the key
relations among elements of the real
systems . We may believe, for example,
that a parts bin behaves as a queue
and down time of a machine has an ex-
ponential distribution. We may have
data describing the behaviors of these
elements, but no idea of how they affect
each other or the larger process. Sim-
ulation helps us understand the inter-
a c t i o n s  i n v o l v e d . l t  may also show us
how to change the elements  to  improve
t h e  l a r g e r  p r o c e s s .

The dynamics of some processes can
be simulated by continuous simulation
methods, others by discrete-event
methods. Continuous models represent
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processes as systems of differential
equations. Discrete-event models re-
present processes as sequences of in-
dependent events. A checkout counter
and its customers are a "discrete event
system"; a swinging pendulum is not.
Continuous models are deterministic;
they assume that rates of change re-
main fixed over time. A discrete-event
model may be stochastic. That is it can
accommodate random variables. This
allows us to study the behavior of the
system as it is influenced by random
events of different moments in time.

B. PRACTICAL ILLUSTRATION OF A DISCRETE
EVENT MODEL

To understand the potential useful-
ness of a discrete-event model, let's
examine a discrete event system that
most people have experienced: a typical
"deli". We'll call ours Phlasch's Deli.
A deli is the culinary equivalent to a
custom machine shop.

The manufacturing process of a
sandwich surely should be familiar to
the shipyard manager: getting components
from inventory, processing products to
precise tolerances (only golden brown
toast), maintaining quality control of
materials and workmanship, and avoiding
rework. (It's not appropriate for the
deli operator to sample or test the
finished product before delivering it
to the customer). Then there is
assembling and packaging and maintaining
quick turnaround. Other similarities
come to mind: irregular ordering
schedule, process bottlenecks, equip-
ment breakdowns. Sound familiar?

Our task is to model this total
system we know as a deli. To define
the model we must:

0 Describe the deli
0 Identify the processes
0 Define the variables

1. DESCRIBING THE DELI

If we asked someone to describe
Phlasch's Deli, they might respond:
"Phlasch's Deli. ..a little shop on 34th
and 8th, good hot or cold sandwiches,
okay salad, a great bratwurst, quick
service". Accurate enough -- if you
are a potential customer. But not the
right perspective if you want to model
the deli as a discrete event system.

Our description of the deli must
be expressed in terms of events,
actions, processes, and elements that
cause or influence them.

PHLASCH'S DELI

Just off the beaten track; mixed resi-
dential and office; near a subway
station busy period from mid-morning
through early evening; frequent surges
of customers; most people in a hurry;
room for only ten people to wait in
line inside the shop.

THE MENU

All sandwiches
require toast;
baking; soups,
pared in quiet

J.J. PHLASCH

Owner and sole

made from scratch; some
some hot meat; some
salads, bratwurst pre-
periods.

employee; order taker;
sandwich maker; server; and cashier.
(This is a very small deli.)

THE EQUIPMENT

Toaster; steamer for heating meats; oven
for baking subs with melted cheese; one
hot plate each for soup; bratwurst, and
sauerkruat.

2. IDENTIFYING THE PROCESSES

From these descriptions of system
elements, we must identify the informa-
tion that has a bearing on the occur-
rence of events. With this information
we can identify the interaction of the
elements in terms of system processes
or sequences of events.

PHLASCH's  DELI

The real item of interest here is
"customers", specifically:
0 how frequently customers arrive
0 how long customers are willing to

wait
0 what customers order how often

We can gather this data by observing
the deli for a few days and recording
what we see (in the form of distribution
tables.) We will record the intervals
between customer's arrivals, the number
of customers not joining or leaving a
line (when it's one, two..or twenty
people long), and which items on the
menu are ordered how often.

THE MENU

A customer's order begins a sequence of
events that is determined by what the
customer chooses from the menu--the
order type. Orders are typed according
to the actions and equipment required
to prepare them. The order types are
sequences of tasks processed by J.J.
Phlasch. Reubens and steak and cheese
subs are of a type that requires
assembly actions and use of the oven
to melt the cheese. The order type
including egg salad on whole wheat and
roast beef with lettuce and mayo on
pumpernickel, requires only assembly
actions.

J.J. PHLASCH

J.J. executes the tasks and arbitrates
the priority of tasks when two or more
tasks are presented simultaneously. He
is governed by a set of rules that can
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be determined from observation. These
rules might include being sure, when
ever there is a line, that at least x
number of customers have. given their
orders. A customer that has given his
order is less likely to leave. Another
rule might be that the cash must be
collected as each order is served, no
matter how many customers are waiting.
These rules tend to "Batch" J.J.'S tasks
but they do not necessarily make the
most efficient use of the equipment.

THE EQUIPMENT

The toaster, steamer, and oven each re-
presents a potential bottleneck as a
limit on the souce of supply at any
one time. For each one, we need to
know the process duration (length of
time it takes to toast, melt cheese, 
etc.) and the capacity (the maximum
number of items that can be handled at
one time). We also need to know the
meximum nymber of servings the con-
tainers of salad, soup, bratwurts,
and sauerkraut will hold, and the length
of time it takes to replenish the supply
when the containers are empty.

3. DEFINING THE VARIABLES

Now we can express the system,
Phlasch's Deli, as a set of specifica-
tions:

0 Customer's arrival interval
0 Customer's tolerance (likelihood

of joining the waiting line)
0 Customer's menu preference
0 Task sequence for each type of

menu selection
0 Processing rules by task priority

for J.J. Phlasch
0 Process duration and capacity for

each item of equipment

We must collect observations for each
of these variables and construct tables
of sequence of values. Our model will
require distribution tables for customer
arrivals, customer orders, customer
tolerance (for waiting in line), order
type processes, the duration and
capacity of the equipment, and any other
variables we have defined.

c. BASIC METHODOLOGY

The computer program that would
execute the deli model we have just
described has three parts. The first
is a program that generates a schedule
of customer arrivals. We choose a
"period of interest" to model, for ex-
ample, 11:00 a.m. to 2:00 p.m. The
program begins by setting the model
clock. The starting time must be
earlier than the period of interest
so the model can reach a steady state.
To model the hours of 11:00 - 2:00, the
clock will start at 10:30 a.m.

The program selects the first ran-

dom number between 0 and 99. The model
clock is moved ahead by an increment of
time. The increment is determined by
the Customer Arrival Table according to
the range of random numbers in which the
selected random number falls. The pro-
cess is repeated until the model clock
time exceeds 2:00 p.m., the time of day
we have chosen as the end of the period
of interest. The list of customer
arrival times that has been created by
the program "primes the pump" for the
model.

The second and central component of
the model, the event processor, starts
with the first customer. It uses the
Customer Order Table plus the random
number generator to determine an order
type. The events generated by ordering
a meal are meshed chronologically with
the arrival of customers. The process
rules that represent J.J.'s  decisions
about which events take priority are
executed as program logic. The rules
might include deleting a customer from
the input queue if the number in line
exceeds the customer' tolerance for
waiting (determined by a role of the
dice and the Customer Tolerance Table).
The event processor will reschedule an
event that needs a piece of equipment
that has reached its capacity.

The event processor documents the
occurrence of key events that will con-
tribute to the model analysis. For ex-
ample, customer arrival, meal selection
and selection time. Optimum process time
(if this were the only customer) and real
process time will be documented, as well
as the delay time for events waiting on
full equipment or a busy J.J.

The third component of the system is
a program that gathers up the output of
the event processor, and aggregates the
data. Reports from this component can
be used to identify the loss of custo-
mers due to line lengths, and the delay
time due to J.J., or to each piece of
equipment. The products of the entire
model could be represented as a single
report or could be input to a statisti-
cal or graphics applications for further
processing and display.

D. POTENTIAL OUTPUT

A single execution of a discrete
event model such as our deli model would
create one arrival schedule and one set
of output data. This single iteration
would not shed much light on system per-
formance. For the output data to be
useful, the model needs to be executed
against a randomly generated schedule
for arrivals. Then performance charac-
teristics can be observed under different
loading conditions. The model is vali-
dated by matching specifoc sets of ob-
servable data against observed sets of
results.

Our operational model will measure
the efficiency of the deli. The output
data tell us how close to optimum time
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customers are processed through the
deli. The two factors within the model
that impact the efficiency are resource
limitations (J.J. and his equipment),
and process complexity (menu options).

Our model can be used to examine
the impact of resource changes, such as
adding another toaster, bringing in
J.J.'s brother-in-law to work part
time, etc. It can be used to evaluate
theimpact of various changes in the
menu.

In other words, the benefit of this
discrete event simulation is to project
and evaluate the impact of changes that
could be made to the system, without
incurring the expense and risk of trial
and error within the system itselt.

The random element in our model has
been introduced in the input queue of
customers and meal selection. But ran-
dom events such as equipment failure
or dropout rates, could be incorporated
as well. The value of discrete event
simulation is the capability of evalua-
ting the system under changing load
conditions or unusual sequences of
events. 

III. RESOURCES

As useful as simulation may be,
is it accessible to the shipyard mana-
ger or engineer, and is it affordable?
To answer the question of resources,
we will survey computer technology
possibilities, and describe the soft-
ware available.

A. COMPUTER TECHNOLOGIES

"Simulations use up all the money
and all the time. . .", Bjarne Stoustrup,
AT&T researcher and former simulation
addict, explains to an audience of pro-
grammers. Stoustrup says that he deve-
loped the first versions of the C++
compiler, the subject of his popular
seminar, because he had used up the
department’s monthly computer budget
during one series of simulations. The
C++ compiler helped make it economically
feasible to perform the simulations on
a powerful mainframe. (1)

Many of the managers who have tried
to keep simulation projects within bud-
gets share Stoustrup's assessment of
mainframe simulation technology. While
useful for some applications, mainframe
simulation programs can easily get out
of control. However, many of today's
engineers and technical managers have
personal computers available to dedicate
to simulations and other operations
planning tasks.

Complex simulations which run
smoothly on upgraded versions of desk-
top computers provide distinct economic
advantages over their mainframe ances-
tors. For one thing, the microcomputer
programs cannot drain computer resources
away from other users. Just as impor-
tant, users find the programs much more

accessible than the mainframe simulation
languages. The wide range of microcom-
puter products available for developing
simulations offers the potential user a
choice of capabilities and costs. And
alternative and complementary modeling
systems further extend the user's op-
tions.

B. SOFTWARE PACKAGES

A number of vendors offer simula-
tions development systems for microcom-
puters. Four of the most widely used
are:

SIMAN/CINEMA by Systems Modeling
Corporation
SIMSCRIPT II.5/SIMANIMATION/SIMFAC-
TORY by CACI
SLAMII/PC ANIMATION by Pritsker end
Associates
GPSS/H by Wolverine Software Cor-
poration

These are complete development systems
that produce separate program modules
for model and experiment. They are
capable of supporting discrete-event
and continuous simulations, sequences
and time schedules, graphs and full
animation. They include varying com-
binations of capabilities including
macro sub-modeling, dynamic memory
allocation, program development tools,
special functions for materials handling
and robotics, support for autocad and
other popular software, real-time and
interactive animation, and EGA bit-
mapped graphics. Some permit the trans-
fer of microcomputer models to mini and
mainframe computers.

Developer programming is requisite
with these systems. They compile simu-
lation programs written by a developer,
and display the simulation program out-
put in graphic mode. A simulation
developer typically needs from one day
to one week of formal simulation
training, some programing experience,
and operations analysis experience in
order to get started. Complex model
development requires more training and
experience. The manufacturers usually
offer free technical support for varying
lengths of time, support users' groups,
and distribute newsletters.

These systems run on an IBM AT or
compatible with 4-6 MB of fixed disk
space, an 80287 or comparable floating
point numeric co-processor, an EGA
graphics card and display, and a
FORTRAN compiler version 4.1. These
total software systems sell for $5,000
to $15,000.

Cost of simulation development and
use vary widely; so do benefits. The
costs of the development packages we are
discussing actually seem low, relative
to purchase and lease fees for mainframe
software. Often these costs exceed the
costs of the microcomputer software
1 Bjarne Stoustrup - C++ Seminar

11-5



and hardware combined. Replacing main-
frame simulation development systems
with microcomputer systems usually
lowers the cost for the same result.

Development of large simulations
from scratch realistically requires a
week of formal training for each devel-
oper, a week or more of programming
time, a minimum of several weeks of data
collection and a week of running the
simulation and analyzing the results.

Large-scale projects with substan-
tial benefits for improvements provide
the best justification for the set up
costs of simulation. However, a simu-
lation development system set up on a
PC largely dedicated to simulations,
but shared by several users, would bring
costs down to an appropriate level for
small projects. Cost efficiency can be
increased by using the PC's for demon-
strations, planning exercises and
training, as well as for simulations of
operations.

IV. APPLICATION

Microcomputer
ment systems offer
tools that can fit
sion support uses.

simulation develop-
analysts and managers
any number of deci-
Simulation programs

are valuable to manufacturers, who have
a strong interest in Flexible Manufac-
turing System (FMS) applications. They
are used for transportation, warehousing
and materials resource planning (MRP)
applications. And they are invaluable
for the evaluation of proposed systems
or policies.

By replacing the usual flow dia-
grams and schedules with computer
graphics and worksheets, simulation
helps analysts to quuantify work flows.
Simulation adds another dimension to
computer graphics and displays. It
lets analysts introduce effects of un-
certainty on work flows and scheduling.
Since the choice of such production
strategies as "Just in Time" (JIT) or
Optimised Production Technology" (OPT)
depends on uncertainties in the produc-
tion process, simulations work when
methods based on certain knowledge do
not.

Simulation can help streamline and
improve any operating plan that requires
a formal "walk through" before implemen-
tation. Animated simulations show ob-
jects on a screen behaving as actual
objects should. A game based on simu-
lation can help train a person to
identify radioactive contaminants.
Planners can study how on-site assembly
might interfere with installation opera-
tions. Simulation can help us cope with
complex interactions among uncertain
events.

Simulation provides Naval Shipyard
personnel an important opportunity to
Utilize existing hardware to meet new
challenges. The tool has been applied
only minimally in the shipyard environ-
ment. NAVSEA 07's PIERS product has

produced a test version of a product that
approaches simulation. It is program
using a Lotus 1-2-3 worksheet and macro
that simulates the effect of variability
and allowance factors in the completion
of work packages. The work packages in-
clude tasks involved in implementing an
industrial process. Though useful, the
program provides only a preview of the
complex simulation available through the
full simulation development packages we
have discussed.

B. NEXT STEPS THE WORKSHOP

From examples of successful appli-
cations of simulation we can begin to
appreciate the potential results that
this tool might yield in the shipyard.
However, the investment in computer
resources, simulation software and user
training is not insignificant. The
Naval community needs to continue to
explore the possible range of applica-
tions, the potential value, and the
means for acquiring this capability.
This exploration is the purpose of the
Simulation Workshop planned for mid June
in the Washington D.C. area. (2)

The workshop will bring together the
shipyard experience of Industrial
Engineer and the modeling experience of
the simulation product specialist. The
real needs of the shipyard will be ex-
amined and evaluated as candidates for
simulation. Shipyard managers and
engineers will have the opportunity to
examine the technology first hand.

Busy managers and engineers engaged
with the everyday workload are hard
pressed to take a creative look at pro-
blem areas, much less at long-range
solutions. But unless our shipyard
personnel identify needs, they cannot
use simulation to discover improvements
in their working processes. The work-
shop will provide an objective environ-
ment for exchanging information and
brainstorming.

At the end of the workshop managers
and engineers will be able to view the
shipyard environment with a modeling
perspective. They will learn to recog-
nize where simulation could be useful
and what sort of results they can except.
They will also have a better under-
standing of the software tools avail-
able to them and the resource invest-
ment required.

This workshop will prepare parti-
cipants to:

0 Evaluate shipyard activities as
subjects for simulation

0 Estimate the investments required
to perform simulation

0 Project the potential benefit
2 The Simulation Workshop was still
planned as of the writing of this
paper, and hopefully will be completed
by the time this paper is presented.
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The synergy of a workshop exchange
can lead to new understandings of the
potential of simulation and construc-
tive planning for its utilization. Our
goal is to develop a commitment to
simulation as an approach to problem
solving and a consensus for a coor-
dinated approach to its use in the
Naval Shipyard.
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between Quebec and New Brunswick for
reasons of regional distribution, the
second six frigates will all be built
in Saint John, further acknowledging
SJSL’s excellence Ship
Construction and Program Management.

SJSL’s stated objectives to meet the
challenges of the future are:

o continued implementation of new
technologies to increase
productivity and performance

o development of facilities to
accommodate modern naval ship
construction and support

o development of facilities to
provide life cycle support and
maintenance for the Canadian
Patrol Frigates.

1.2 COST/SCHEDULE CONTROL ON THE
CANADIAN PATROL FRIGATE PROGRAM

Cast/Schedule Control (C/SC) is a
relatively new concept to Canadian
industry, although it has been used
for performance measurement on major
acquisition contracts in the United
States for over twenty years. While
the initial design for the Canadian
Patrol Frigate was still being put to
paper, specifications were being
written to adapt the United States
Cost/Schedule Control System Criteria
to the requirements of the CPF
program. This adaptation would
slightly change the distribution of
the elements of the Criteria, but the
effectiveness and efficiency would
not be impacted (see Figure 2). The
acceptance of C/SC Criteria was
motivated by the Canadian Contracting

U.s. CANADIAN
C/SC CRITERIA c/se CRITERIA
SUB-SYSTEMS SUB-SYSTEMS

-ORGANIZATION -ORGANIZATION
-PLANNING AND -WORK PLANNING AND

BUDGETING AUTHORIZATION
-ACCOUTING -SCHEDULING
-ANALYSIS -BUDGETING AND

-CONTRACT BUDGETING
-REVISIONS AND -ACCOUNTING
ACCESS TO DATA

-DATA ACCUMULATION
-ANALYSIS
-REVISIONS

FIGURE 2. DIFFERENCES BETWEEN
CANADIAN AND U.S. C/S CRITERIA

Authority’s concern about the proper
management of cost and schedule
performance on this multi-billion
dollar contract.

The primary objective of the Canadian
C/SC Criteria was to ensure that the
resultant systems would provide the
basic principles of cost and schedule
management and ensure that:

o all CPF work was defined and
assigned

o an integrated baseline plan for
the performance of the contracted
work be established, including:

- definition of work scope and
assignment of responsibility
scheduling of the outputs of
each segment of work scope,
as well as sufficient overall
scheduling to provide proper
integration of all program
work scope
the timephasing of all
program budgets
the establishment of controls
to monitor and measure the
performance of the work
recording of all program
costs against the baseline
structure
identification and monitoring
of deviations from the plan
control of changes to the
baseline plan
maintenance of valid
estimates of cost to complete
the work of the CPF program.

The refined Canadian Cost/Schedule
Control Criteria reads like a primer
of basic management principles. So
basic was the Criteria that it
remained unchanged through all the
contract negotiations preceding
contract award. A further endorsement
of the Criteria is SJSL’s adoption of
this approach to cost and schedule
control for its own internal
management systems.

2. IMPLEMENTING A COST/SCHEDULE
CONTROL SYSTEM

Through the Canadian Government’s
approach to implementing the
Cost/Schedule Control Criteria, SJSL
and its three major subcontractors
were encouraged to develop an
effective planning and control system
suited to their own needs.

The Criteria was designed to allow
prime and subcontractors to use the
management procedures of their
choice, while providing an outline of
characteristics and capabilities
which the Canadian Patrol Frigate
Program Management Office (CPF PMO)
deemed necessary for an effective
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cost and Schedule Control system. 2.1 THE CANADIAN C/SC CRITERIA

This system would provide valid,
timely and auditable information
indicative of progress, would
properly relate cost, schedule and
technical performance and satisfy the
Canadian Government’s requirement for
summarized program information and
visibility into potential problems.

The Criteria was intended to provide
SJSL with maximum flexibility in
managing internal operations. From
the start, it was a CPF PMO policy to
avoid imposing unnecessary changes on
existing SJSL systems and to minimize
other changes whenever possible.
Originally, CPF PMO envisioned a
single internal system which would
satisfy both SJSL’ S management
requirements and CPF PMO’s need for
information. The system must also
provide for the clear definition of
total CPF contractual effort with an
Integrated Contract Work Breakdown
Structure (ICWBS). The ICWBS is
simply a sub-division in family tree
format of products, components, work
tasks and services required to
achieve a desired goal or produce an
end-product (see Figures 3 and 4).

A major strength of the Canadian C/SC
Criteria is that it does not
prescribe specific methods of
organization operation, but
rather, provide: vigorous standards
against which to measure the adequacy
of management control systems. The
CPF contract granted SJSL the freedom
to organize its C/SC system in a
manner consistent with its own
management philosophy. However, the
composition of that system must
successfully embrace the following
sub-systems:

I. ORGANIZATION: The Criteria
elements applicable to Organization
require that SJSL arrange all
contract-authorized work in the
framework of the Work Breakdown
Structure (WBS) down to a manageable
level (see Figure 5). Designated key
management personnel at SJSL are
assigned responsibility for portions
of the manageable levels of the WBS,
resulting in a number of control
points. All SJSL activities
(planning, scheduling, budgeting,
work authorization, cost
accumulation) operate on this basis.
Elements for identifying work
scheduled, work performed, actual
costs incurred, budget and estimate

FIGURE 3. THE CPF INTEGRATED CONTRACT WORK 
BREAKDOWN STRUCTURE (LEVEL 1-4)
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at completion, and cost and schedule
variances must be utilized at the
selected control points. The
criteria apply to all work, whether
direct, overhead or subcontractor
oriented.

11. WORK PLANNING AND AUTHORIZATION:
Criteria elements relating to Work
Planning and Authorization require
that SJSL plan all contract-
authorized work to the extent
practicable and ensure that near term
work is planned in detail. Work must
be planned in the manner in which it
is to be performed, and be amenable
to in-process objective measurement.
Finally, all work must be adequately
budgeted on the basis work
content.

III. SCHEDULING: Criteria elements
applicable to Scheduling require SJSL
to develop a top down scheduling
system with a top level schedule
containing key contract requirements,
supported by lower level schedules
identifying areas
interface/interdependency of key
completion dates (Figure 6). The
scheduling system must descend to the
lowest level where work is performed.
At this level, and from this level
through to the top level schedule,
SJSL must be able to report progress
against stated requirements/key
events, and use this progress
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FIGURE 6. CPF INTEGRATED MASTER SCHEDULE

information to forecast completion
dates for all events. The Integrated
Master Schedule (IMS) was developed
to meet these needs.

IV. BUDGETING AND CONTRACT BUDGETING:
Criteria elements applicable to
Budgeting and Contract Budgeting
require SJSL to establish and
maintain a timephased budget baseline
for performance measurement purposes.
Overhead budget determination is to
be a rational, traceable process
based on SJSL’s anticipated business
base. All overhead projections
beyond the current year must be
applied systematically and adjusted
in a timely manner.

v. ACCOUNTING: Criteria elements
applicable to Accounting require SJSL
to manage the utilization of
Management Reserve and Undistributed
Budget, reconcile the Contract Target
Cost and all budgets for internal
work, record direct cost on an
applied or other acceptable basis
consistent with the budgets in a
formal system controlled by the
General Books of Account, and ensure
the Material system further effects
performance measurement. Direct
costs from the lowest level of cost
collection must be summarized to the
total contract level through the WBS
and the functional organization in a
consistent manner. Indirect costs

must be summarized as well, and work
accomplishment against the schedule
must be identified. Finally, SJSL
must ensure that only that work which
cannot be planned in discrete, short
span or measured effort work packages
is classified as Level of Effort
(LOE) work.

VI. DATA ACCUMULATION: SJSL is
required to provide CPF PMO access to
all pertinent records and
documentation.

VII . ANALYSIS: Criteria elements
applicable to Analysis require that
SJSL generate cost, schedule and
at-completion variance data and be
able to explain the problem cause,
impact and proposed corrective action
associated with significant
variances. This performance
measurement is to be applied to both
subcontracted and internal work
(direct and overhead). Internally,
this performance measurement must
address the total contract level to
the level where work is performed,
through both the functional
organization and the WBS. SJSL
management use this data and
corresponding variance narrative to
detect and avert potential problems.

VIII. REVISIONS: SJSL is required by
the Criteria to incorporate approved
internal and contractual changes in a
timely manner and ensure that the net
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effects of these changes are provided
for in existing budget, schedule and
work scope. All such changes must be
documented and logs maintained to
demonstrate traceability to original
assignments of budget, schedule and
work scope. Retroactive changes,
with the exception of errors and
routine accounting adjustments, are
prohibited.

2.2 THE OUTPUT OF A FUNCTIONAL C/SC
SYSTEM: DATA CATEGORIES

C/SC allows Canadian Government
personnel to review cost and schedule
performance data, and thereby
determine the status of the CPF
project, without detailed knowledge
of the SJSL management system. The
Government relies on accurate,
consistent information from SJSL and
understands the C/SC reasoning upon
which the information is based.

The information generated from the
SJSL C/SC system is grounded in sound
management practices:

o all work is defined/assigned
o all work is scheduled
o all work is budgeted
o actual costs are properly

collected
o status evaluations are made
o final cost predictions are

derived.

The Cost/Schedule Control system
accommodates formalized, established
methods for communicating contractor
performance.

Upon successful integration of the
eight sub-systems (discussed in
Section 2.1) which support the C/SC
system, information as to the status
of the CPF contract work scope
becomes available. This information
consists of:

Budgeted cost of Work Scheduled
(BCWS)

Budgeted cost of Work Performed
(BCWP)

Actual Cost of Work Performed (ACWP)

Budget at Completion (BAC)

Estimate at Completion (EAC)

These five data categories depict the
precise schedule and cost position,
both incrementally and cumulatively,
of SJSL and its major subcontractors
for a specific scope of work at a
specific point in time. They are
defined as follows:

BCWS: The budgeted value of work that
is planned to be completed in a
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specific period. Regarding ship
components which are purchased this
value represents the budget that has
been assigned for vendor work in a
specified period.

BCWP: In direct relation to contract
work that is scheduled to be
completed in a specified
period, BCWP represents the
value budgeted for work which
was completed in a specified
period. For work which has
been completed, BCWP equals
100% of the total budget
assigned. When considering
in-process work an objective
determination of progress must
be made.

ACWP: As a result of the performance

BAC :

EAC :

of work. expenditures are
incurred. cost data
accumulated in the accounting
system includes employees' 
completed timecards specifying
assigned work activities and
invoices for payment to
vendors.

This budgeted value represents
the total budget for work to be
accomplished. In distinguishing
this term from BCKS it is
relevant to note that BCKS is a
budgeted amount for a specified
period (eg. month), while BAC
is total budgeted at
completion, a summarization of
each period BCWS.

In relation to the BAC, which
summarizes the total bud-get for
assigned work scope, SJSL as
the responsible authority shall
periodically assess performance
to date and estimate the final
cost at completion of all
assigned work.

These five data elements are derived
at the lowest level within the
organization where responsibility is
assigned. This information is
summarized through a matrix by
functional departments and by work
breakdown structure element. This
breakdown provides immediate focus on
areas where there are deviations from
the plan.

Figures 7 and 8 illustrate the
relationship between the five data
elements and the analysis that is
performed employing them.

2.3 SUBCONTRACTOR INTEGRATION

In the early stages of the CPF
program it was determined that, in
the interest of maximizing Industrial





Benefits throughout Canada and in
consideration of the inherent
complexities of CPF, certain defined
work scope would be subcontracted. As
a result of this decision many
subcontracts were let. Although all
subcontracts may have a potential
impact on prime contract cost and
schedule parameters, certain large
subcontracts were determined to be
critical contributors to the
successful execution of CPF. These
contractors have been assigned an
integral role on the CPF contract and
therefore require close scrutiny. As
a result, SJSL has included in these
contracts the requirement for an
operational C/SC system combined with
monthly cost Performance Report
submission.

In relation to the total CPF contract
SJSL has maintained responsibility
for a significant portion of the
contract work scope. The entire
combat and communication system was
subcontracted, encompassing design,
procurement, construction,
installation, integration, and
testing of all the associated combat
systems for six shipsets. Ship system
engineering work was also
subcontracted; this was integrated
with the effort of the SJSL
Engineering function in comprising
the entire ship design package.
Finally, SJSL subcontracted work for
the construction of three of the
first six city class frigates to a
Canadian shipyard in Quebec.

Figure 9 depicts the percentage
contribution of each critical
subcontractor in terms of contract
value. Note that the criticality of
the supporting design agent is based
more on schedule impact than on cost.

In December of 1987, SJSL’ S CPF
contract was amended to include six
additional frigates. This lengthened
and increased the value of the prime
contract and had an associated effect
on the combat/communications
subcontract (see Figure 10).

The requirements imposed on critical
subcontractors are similar to those
placed on SJSL. Each subcontractor is
required to demonstrate that its
system meets the criteria
contained in the contract. SJSL's
role is to determine whether the
system satisfies contractual
obligations and is consistent with
and supportive of the SJSL system.
CPF PMO as the customer oversees this
system demonstration and provides
input through SJSL.

2.4 THE OUTPUT OF THE COST/SCHEDULE
CONTROL SYSTEM: THE COST
PERFORMANCE REPORT

Critical subcontractors are required
by contract to submit monthly Cost
Performance Reports (CPRs) which
contain pertinent cost and schedule
data. These subcontractor cost
Performance Reports provide SJSL with
the requisite visibility to manage
the CPF contract. Upon receipt,
subcontractor reports are distributed
to the appropriate management for
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action and inclusion in the analysis
which is forwarded to CPF PMO as part
of the prime contract deliverable,
SJSL’s CPR.

The CPR consists of five standard
formats (Figure 11) which summarize
cost and schedule status and provide
a complete overview of the CPF
contract so that issues, program
impacts and performance trends are
identifiable. The CPR contains:

o Contract data (headings)
o ICWBS and Product by Stage of

Construction performance (informal
reports), budgets and EAC
(Format 1)

o Prime and subcontractor
organizational performance,
budgets and EAC (Format 2)

o Baseline budget distribution and
record of changes (Format 3)

o Timephased manpower plan and/or
forecast (Format 4)

o Discussion of problems (Format 5).

This information from the major
subcontractors is integrated with
SJSL's data to form the Total Program
Cost Performance Report (see Figure
12).

FORMATS 1 AND 2

The same principles apply to review
the data contained in Formats 1 and 2
as they display the same overall
performance data in the same format.
However, Format 1 shows a line item
breakdown of ICWBS elements at the
reporting level, while Format 2 shows
a breakdown of the performance of the
major functional organizations and
three major subcontractors.

Additionally, Formats 1 and 2 provide
the data necessary to perform trend
analysis. Cumulative performance
(BCWS, BCWP and ACWP) may be plotted
monthly to provide the classic
S-curve of the three performance
elements.

FORMAT 3

This format shows the timephased
contract budget baseline,
performance measurement baseline
(PMB). It also quantifies all
approved changes to the PMB, provides
visibility into the effect of
changes, and recognizes any
application of Management Reserve.

FORMAT 4

This format reports the timephased
estimate of labor required to
complete the CPF contract and
contains the data best suited for
trend extrapolation and regression
analysis.

FORMAT 5

Format 5 provides an analysis of
performance with both graphic and
narrative explanations of cost, 
schedule and at-completion variances
which meet or exceed the CPF contract
variance thresholds (Figure 13).
This Format is divided into three
sections:

SECTION 1 Contains an executive
summary which discusses
major problem areas.

SECTION 2 Contains narrative which
explains ICWBS reporting
level variances.

SECTION 3 Covers any additional
variances exceeding CPF
contract thresholds as
well as changes not
covered in Sections 1 and
2.

2.5 C/SC VALIDATION

The CPF contract contains the
Criteria requirements for a C/SC
system. SJSL developed a C/SC system
using these Criteria as a guideline.
The necessary computer software
program was written and the
management systems were established.
On numerous occasions during the
implementation phase, SJSL invited
CPF PMO to review the development of
the system; CPF PMO provided valuable
input regarding their interpretation
of the Criteria requirements.
To ensure that SJSL's system would
meet the newly designed C/SC
Criteria, SJSL was contractually
obligated to demonstrate its system’s
sufficiency to a CPF PMO review team.
Once this team approved (validated)
SJSL's C/SC system, further
demonstrations would not be
necessary, provided CPF PMO
surveillance indicated SJSL 's
continued compliance with the
Canadian C/SC Criteria.

In December of 1987 CPF PMO provided
formal notification that SJSL's C/SC
system was validated, representing
the FIRST validation granted by the
Canadian Government to a Canadian
Company on a Canadian Military
Contract. SJSL is fully committed to
maintaining the C/SC system as
validated, however modifications will
be made to meet future requirements
of both SJSL and the customer. CPF
PMO shall monitor the system in a
surveillance mode to ensure
continuing compliance with the C/SC
Criteria.

Reviews of CPF critical
subcontractors have been conducted by
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SJSL and observed by CPF PMO, however
none of these organizations has
received C/SC system validation at
time of writing. SJSL is expending
considerable effort assisting its
subcontractors to achieve acceptable
C/SC system implementation based on
experience gained during SJSL's
validation process.

3. IMPLEMENTING PRODUCT BY STAGE OF
CONSTRUCTION (P/Sc)

3.1 INTRODUCTION

SJSL defines Product By Stage of
Construction (P/Sc) in one word -
OPPORTUNITY.

In understanding OPPORTUNITY it is
important to realize that a shipyard
decision to commit resources to some
specific early use on a stage of
construction, or to utilize more
rather than less resources to
accomplish a task at the optimum
time, is also an implicit decision
not to commit these resources to
traditional ICWBS approaches. What
these resources accomplish when
committed at the optimum stage of
construction is OPPORTUNITY.

3.2 DEFINITION OF P/Se

P/Se is the sub-division of the ship
into readily identifiable pieces of
work. Each piece of work is called an
interim

(eg. a fabricated part or
sub-assembly, an assembly unit or
module).

The sub-division of the ship is
accomplished using the zone-by-stage
approach, that is by considering each
area of the ship and determining the
optimum stage at which to do the
work. OPPORTUNITY.

P/Se breaks the ship down into groups
of similar parts, interim
products, which are then designed and
manufactured in batches at the most
logical stage. OPPORTUNITY.

3.3 STAGES OF CONSTRUCTION
(PRODUCTION OPPORTUNITY LEVELS)

Planning ship construction in eight
production OPPORTUNITY levels is a
practical way to promote the
optimization of work flow.

P/Se views ship construction as a
series of OPPORTUNITY levels, called
stages or work centres, through which
interim products pass to culminate in
the complete ship.

Figures 14 and 15 illustrate the
ship’s eight production OPPORTUNITY
levels, from delivery of raw
materials and components to final
acceptance by the customer.

NOTE : An OPPORTUNITY level is the
optimum level at which the
work can be accomplished.

This sub-division is the key to P/Sc.
The overlay of defined levels of
outfit and painting, coded according
to the production OPPORTUNITY level
in question, allows planning and
control of progress on the ship.

3.3.1 LEVEL 1: KITTING/PART
FABRICATION

Part Fabrication is the first
production OPPORTUNITY level. Part
Fabrication produces components for
the ship which cannot be further
sub-divided. Typical work orders are
issued by unit, stage, and standard
manufacture (batch).

Within the classifications, problem
areas may be sub-divided by machine
requirements, type of material, size,
etc.

STAGE TYPE OF WORK

1110 Shotblasted Plates & Shapes
1120 Marking, Cutting Plates &

Shapes
1130 Forming Plates & Shapes
1150 Drain Plugs, Thermometer

Plugs
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STAGE

1160

1170

1180
1190

3.3.2

TYPE OF WORK STAGE TYPE OF WORK

Material Kitting, Bending or 1180 Fitting Cabinet Pieces
Cutting Together
Marking, Cutting Plates & 1190 Fitting Connectors To Cables
Shapes
Marking, Cutting Wood Panels
Marking, Cutting Electrical 3.3.3 LEVEL 3: FLAT AND CURVED PANEL
Cables ASSEMBLY AND PRE-OUTFITTING

The third production OPPORTUNITY
LEVEL 2: PART/SUB-ASSEMBLY level is a sub-unit and initial

pre-outfitting level consisting of a
Part/Sub-assembly is the second number of fabricated and/or assembled
production OPPORTUNITY level. Typical parts. Typical work orders are issued
work orders are issued by unit and by unit and area.
area.

STAGE TYPE OF WORK
STAGE TYPE OF  WORK

1200 Flat Panel with Penetrations
1140 Fitting Beams, Girders, Web Foundations & Backing

Frames Structure
1150 Fitting Liner on Shaft 1300 Curved Panel with Overboard
1160 Fitting, Welding Pipe Pieces Discharges, Foundations &
1170 Fitting, Welding Foundations Backing Structure

& Tanks
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3.3.4 LEVEL 4: MODULE -
ASSEMBLY /PRE-OUTFIT AND JOIN

The fourth production OPPORTUNITY
Level involves final module
production, including integration of
flat panel units with pre-outfit,
curved panel units with pre-outfit to
form a block which can be further
outfitted and tested.

STAGE TYPE OF WORK

1410 Pre-outfit 1 (PO-1) Inverted
1410 Pre-outfit 1 Upright
1420 Assembly Unit Join
1420 Final Pre-outfit 1
1500 Modules

3.3.5 LEVEL 5: BLAST & PAINT

The fifth production OPPORTUNITY
level is Blast & Paint, the stage at

andwhich surface preparation
painting take place. Considerable
planning is performed at this stage
to minimize the on-board painting.

3.3.6 LEVEL 6: GROUND ERECTION AND
PRE-OUTFIT 2

The sixth production OPPORTUNITY
level is clearly defined by its
output of erection units which will
require additional pre-outfit (the
remainder of PO-1 as well as PO-2,
which is cold work pre-outfit).

3.3.7 LEVEL 7: ERECTION & OUTFITTING
IN GRAVING DOCK

The seventh production OPPORTUNITY
level is Erection & Outfitting in the
Graving Dock, and entails the fitting
and welding together of erection
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units to form the ship. It includes a
defined level of outfit covering
major component installation (e.g. gas
turbines, cruise diesel, main cable
runs) and the remainder of outfitting
in way of erection unit butts.

3.3.8 LEVEL 8: OUTFITTING WATERBORNE

The eighth and final production
OPPORTUNITY level, Outfitting
Waterborne, is the most expensive.
Level 8 includes the installation of
all miscellaneous outfit components,
final compartment completion and
final system testing and acceptance
of the ship.

A four digit number is used for
identifying material and labor to a
work center at the shipyard as listed
below:

STAGE TYPE OF WORK

1100

1200
1300
1400
1500
1600
1700
1800

1900

Kitting, Part Fabrication &
Assembly
Flat Panel Assembly & PO-1
Shell Assembly & PO-1
Unit Assembly Join & PO-1
Outfit Assembly
Package Blast & Paint
Ground Erection & PO-2
Erection & Outfitting in
Graving Dock
Outfitting Waterborne

3.4 THE PRODUCT

The ship is divided into five
different types of products: Units;
Outfit Zones; Special Installations;
Modules; and Standard Manufacturing 
Jobs. 

The following discussion describes
the products in detail and
illustrates the manner in which they
are coded according to their position
within the ship.

3.4.1 UNITS

Units are geographically oriented
divisions of the ship by Superzone,
Girth, and Level. The configuration
of the unit is determined by the
structure and design of the ship, the
facilities which are available, and
the construction and outfitting plan.

Units and pre-outfit zones comprise
the pre-erection product. An assembly
unit is a defined single deck level

structure, usually shell to shell but
occasionally broken into port, 
starboard and centerline sections.
Erection units are typically composed
of more than one assembly unit. (See
Figure 16.)

3.4.1.1 UNIT NUMBERING

A four digit number in the format
XYZO is used to label and schedule
material and labor resources for a
unit/pre-outfit zone. Unit zone
numbers have a geographical
significance within the ship and
al low personnel to rely on logic
rather than memory to control
material and labor. 

x

Y

z

o

Represents one of four major
Superzones of the ship:

1.Forward of Machinery spaces
2.Machinery spaces
3.Aft of Machinery spaces
4.Superstructure

Within a Superzone the ship is
sub-divided further and is
numbered forward to aft (see
Figure 17). This represents Girth
sub-divisions (1 through 9) based
on major vertical sub-divisions.

Represents the deck level. Numbers
run consecutively (1 through to 9)
from the inner bottom to the
weather deck for hull unit/zones.
For superstructure, the numbering
runs from bottom to top as well,
using major structural horizontal
sub-divisions.

Reserved for further sub-division
of the basic assembly unit for
more efficient design and
production cost control as
required.

3.4.2 OUTFIT ZONES

Outfit zones are geographically
oriented divisions of the ship by
Superzone, Girth and Level. The
configuration of the outfit zone is
determined by the structure of the
ship and the plan for outfitting the
zone.

Outfit zone boundaries are typically
bulkhead to bulkhead and deck to
deck. They are the basis for outfit
design as well as outfit work,
beginning after unit erection. If
desired, these boundaries can be to
the level of "compartment" for work
after erection to monitor cost and
schedule for specific areas (eg.
electronic spaces).
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FIGURE 17. AN EXAMPLE OF
UNIT NUMBERING

3.4.2.1 OUTFIT ZONE NUMBERING

A four digit number of the XYZO is
used for identifying and scheduling
material and labor resources to an
outfit zone product (Figure 18).
Outfit zone numbers have a
geographical significance within the
ship and allow personnel to rely on
logic rather than memory to control
material and labor.

X Represents one of four major
Superzones of the ship:

1. Forward of Machinery spaces
2. Machinery spaces

3.Aft of Machinery spaces
4.Superstructure

Y Represents Girth sub-divisions (1
through 5) based on watertight
bulkhead locations, forward to
aft, for the hull zones and major
structural vertical sub-divisions
for superstructure zones . The
number O is used to represent
applicability to the entire
Superzone. The numbers 6 through 9
are used to designate the exterior
shell, weather deck and house
sides.

Z Represents a deck level within a
Girth. Numbers run consecutively
(1 through 9) from the innerbottom
to the weather deck far hull zones
and major structural horizontal
sub-divisions for superstructure
zones.

O The number zero is reserved for
general outfit zone work. Numbers
1 through 9 are reserved for
further sub-division of the basic
outfit zone for more efficient
design and production cost
control.

Figure 19 shows the outfit zone for
No. 3 Deck. However, in order to
expand on the specialized outfitting
required within the electrical
equipment area, 2442 has been
established as a (sub) outfit zone or
sub-zone.

Outfit zones may also span more than
one deck level: Figure 19 shows No. 2
Deck with outfit zone 2460, the
exhaust casing, shaded. This same
outfit zone appears on No. 3 Deck as
w e l l .

F i g u r e 20 shows the outfit zone
breakdown with vertical design/outfit
zones. The further sub-division of
the basic outfit zone will allow.

o More efficient use of design
resources

o Smaller and more controllable work
packages during outfitting phases

o More efficient use of production
resources

o More discrete scheduling of the
on-board outfitting activities.

3.4.3 SPECIAL INSTALLATIONS

Special Installations are complex 
installation jobs which require work
to be organized around a particular
task rather than a geographic area.

Special Installations often require
multi-discipline co-ordination and
work sequencing between two or more
outfit zones.

3.4.3.1 SPECIAL INSTALLATION ZONE
NUMBERING

A four digit number in the format
XYZO will be used for identifying and
controlling production material and
labor to Special Installation zones
(see Figure 21).

XY Assigned the numbers 61 through
65 to indicate Special
Installation, while the second
digit (1 through 4) indicates
which Superzone the module is in.
The number 5 in the Y digit
indicates multi-zones. The number
O in the Y digit represents main
cable pulls.
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20 A field of consecutive numbers
(00 through 99), used to identify
the individual Special
Installation.

3.4.4 MODULES

A Module is an off-ship and off-unit
assembly of outfit equipment,
components, material and fittings
(often mounted on a common base)
which may be installed as a single
unit.

FIGURE 20. AN EXAMPLE OF ZONE
NUMBERING

Modules are classed by their physical
make-up and work content. There are
four types of Modules:

0

0
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Piping Modules - Major runs of
piping and their supports.

Component Modules - Equipments
mounted in shipboard location on
their own foundations or mock-ups
to allow piping to be run.
Depending upon complexity, modules
may be broken apart for
installation.



3.5 P/Se NUMBERING

Labour, material and technical
information is planned, scheduled and
controlled by the P/se Numbering
System.

The P/Se Numbering System describes
all construction products. It is
also flexible enough to accommodate
all construction techniques and
stages (see Figure 23).

3.6 PICTORIAL EXAMPLES OF P/Se

Photographs included as Figures 24
through 35 depict products, most with
pre-outfit completed at optimum
stages of construction.
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0

Tank Modules - Completion of free
standing tanks with tank level
indication alarm sensors, etc. and
testing in the shop.

Integrated Modules - The most
desirable module where design
permits. It includes grating,
piping, equipment, ventilation,
local cabling, etc. on a common
foundation.

Modules can be installed in the
following stages of construction:

1.Unit Assembly & Pre-outfit 1
2.Unit Joining & Pre-outfit 2
3.Hull Erection
4.On-Board Outfitting

On-Module Outfitting is targeted at
performing as much outfit work as
possible off-ship. It ensures that
work is performed in the best
possible environment and takes
maximum advantage of the lowest cost
factor available within the shipyard.

3.4.4.1 MODULE NUMBERING

A four digit number in the format
XYZO will be used for identifying and
scheduling material and labor
resources to a module. As with units
and zones, the module number has a
geographical significance within the
ship.

XY Assigned the numbers 71 through
74 to indicate a module where the
second number (1 through 4)
indicates which Superzone the
module is in.

ZO Represents a consecutive set of
numbers (00 through 99) used to
identify individual modules.

As modules have been identified on
the CPF program, the Z digit has been
used to identify the Girth the module

Standard Manufacturing Jobs are
special interim products which are
built off-flow, that is, outside the
main hull construction flow. They are
part-assemblies made at Manufacturing
Level II.

It is intended that Manufacturing
Jobs be grouped according to their
common manufacturing characteristics
in order to maximize efficiency by
making parts in batches.

All Manufacturing Jobs are given

facilitate planning, scheduling and
progressing. Material procurement,
fabrication, assembly, painting,
testing and QA/QC requirements are
all controlled by the P/Se tracking
number.

3.4.5.1 STANDARD MANUFACTURING JOB
NUMBERING

A four digit number in the format
XYZO is used. Manufacturing Job
numbers have no geographical
significance within the ship.

XY Assigned the numbers 75 through
79 to identify the Manufacturing
Job type:

75 - Structure
76 - Pipe
77 - Electrical
78 - Sheet Metal
79 - Hull Outfit

ZO A field of consecutive numbers
(01 to 99) within the 75, 76, 77,
78, and 79 series to indicate a
specific job.
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4. DEVELOPING THE TRANSLATION MATRIX

The original CPF contract ICWBS
established the framework for
performance measurement and
management of the CPF program. At
the time of contract negotiation and
signing it was decided that the
product of the contract WBS would be
a ship system, that all
cost/performance data would relate to
that ship system, and that the ICWBS
would be organized accordingly.
However, shipyard functional
organizations became increasingly
frustrated by their inability to
report and monitor performance in a
manner in keeping with the way they
were building the ship - by PRODUCT.
Contributing to this frustration was
the inability to perform the
following functions accurately:

o Adjust manning levels because of
early or late shifts in product
production

o Integrate operational (or
recovery) schedules into
day-to-day performance objectives

o Report timely corrective action to
cost/schedule variances

o Forecast the impacts of late
material or drawing delivery

o Identify and evaluate the impact
of engineering changes on both
hull construction and zone
outfitting.

These analytic deficiencies, coupled
with the ongoing rationalization of
fundamental shipbuilding processes
and concomitant redesign of the SJSL
organizational structure, called the
entire concept of performance
reporting by ship system into
question. It became increasingly
clear that comprehensive performance
measurement structured in the same
manner in which the PRODUCT (in this
case a ship) is built affords
considerable analytic possibilities.
It can provide that margin needed for
outstanding growth and profitability,
and, when coupled with sound
planning, furnish a substantial
framework of objectives and
strategies to form the basis for
responsible decision-making. There
are ancillary benefits as well,
including the development of a
powerful communications conduit
through which managers both disclose
and gain visibility into problems
limited to specific areas or
affecting performance in the entire
shipyard.

However, before a total commitment
was made to move CPF
contract method of reporting to a

Product by Stage of Construction
(P/Sc) method, two major questions
were raised concerning the
Cost/Schedule Control Criteria:

Firstly, how effective will the "new
direction" be in achieving the stated
C/SC contract objectives(to employ
effective management control systems
for cost/schedule planning and
control of major program elements,
and provide useful data on cost,
schedule and technical performance);
secondly, can the "new direction"
report and integrate actual cost at
the proper level of the contract
ICWBS for historical recording?

Considerable effort was expended to
answer these questions by broadening
the rationalization process to
include the C/SC Criteria. Starting
with the ORGANIZATION and moving
progressively through the Criteria
to REVISIONS, it was determined that
P/se reporting is capable of
supporting the contract ICWBS. 
Indeed, a P/Se WBS would achieve
literal compliance with all C/Sc
Criteria requirements. This further
implied that a quantitative method of
moving from the ICWBS to P/Se WBS and
back to the ICWBS would be developed
for reasons of traceability.
Additionally, relationships between
the stages of transition would have
to be cl early expressed and
identified. The technique for
performing this quantitative movement
between ICWBS and PRODUCT is depicted
by the Translation Matrix (Figure
36).

4.1 TRANSLATION BETWEEN ICWBS AND
PRODUCT

No single, accurate method of
determining the amount of budget to
be allocated to each PRODUCT from
each element of the ICWBS existed.
Indeed, even the most experienced
estimators would employ different
methods, depending upon such factors
as the type of ICWBS element, the
particular product in question, and
the level of accuracy required.

Because of this ambiguity and lack of
definition it was necessary to
establish a common ground. Firstly, a
definition of PRODUCT was agreed:

A PRODUCT is any physical Unit or
Outfit Zone (to that level detail
required for control and performance
measurement), Special Installation
(detailed by Engineering and
Planning), Module (as designed by
Engineering and incorporated into
Product drawings), and Manufacturing
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 Job  (as defined by Engineering and Finally, a Translation Simulation
Planning). A PRODUCT starts as a
part to which another part is added
at a Stage of Construction. The
PRODUCT is always defined in
conjunction with the optimum Stage of
Construction.

Secondly, a fundamental theory was
postulated and agreed:

There can be an allocation and
effective distribution of the ICWBS
budget to a PRODUCT at a Stage of
Construction most opportune
fabricate or install the PRODUCT.
This distribution starts at a high
level and is sub-divided into
assembly, sub-assembly, component and
part until each PRODUCT has a portion
of budget correctly correlated with
its particular Stage of Construction.
As the allocation descends the
PRODUCT hierarchy, the process of
budget distribution becomes
progressively more complex; final
decisions of correct allocation are
subject to a qualitative analysis.

Once this process is completed and
the total budget is assigned by
PRODUCT, the Performance Baseline
Model is effectively sealed against
further manipulation or modification;
through linkage with the Integrated
Master Schedule, it becomes a basis
for TRUE PERFORMANCE MEASUREMENT.

Model was developed to compare the
strengths and weaknesses of each
translation and, more importantly, to
track and label the assigned system
budget to the PRODUCT.

At this point, the Translation
Simulation Model is used only to
pre-test proposed distributions of
the ship system (ICWBS) budget to a
PRODUCT.

The pre-testing performed by the
computer and subsequent analysis by
the planner trace, in detail, the
implications and consequences of
selected ICWBS distributions.
Substantial effort was expended
during the design stage of the model
to incorporate the "rules of
distribution". Broadly speaking,
these rules focus on defining and
analyzing correct algorithms for
budget distribution.

Once the correct algorithms were
defined, the following questions were
applied:

o Do the algorithms accomplish what
is desired?

o How do they perform?
o HOW good is the distribution "on

the average"?
o How average is average? That is,

what is the variance in
distribution?
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Analysis and manipulation of the
three conceptual elements - PRODUCT,
budget allocation by PRODUCT, and the
Translation Simulation Model -
culminated in the development of a
two-axis Translation Matrix. With
this matrix, it is possible to
identify at any point of intersection
the resources required to achieve "an
element of the ICWBS by a Product"
(Figure 37).

The matrix offers a great deal of
clarity in the inital translation,
allowing the planner to "see" the
distribution of resources (budget and
trade component data) over the
complete shipbuilding process (the
PRODUCT). Furthermore, through the
Simulation Model, the matrix may be
adjusted and fine-tuned to
incorporate or simulate changes.

4.2 TRANSLATION BETWEEN PRODUCT AND
STAGE OF CONSTRUCTION

The effective distribution of the
complete ICWBS budget across the
PRODUCT paves the way for the second
step of the translation process:
distribution of the PRODUCT budget
across the Stages of Construction.

The Translation Simulation Model was
extended to make distributions and
comparisons in three dimensions. This
extension was taken to a sufficiently
low level of detail to allow its use
as a guide for finally establishing
the budget for installation of a
PRODUCT at the optimum Stage of
Construction.

The extension of the Translation
Simulation Model was controlled by
designing the following
characteristics into the model:

4.2.1 FEASIBILITY

Some Product/ICWBS/Stage of
Construction combinations are more
amenable to distribution than others
in that they can be apportioned with
a high level of confidence. However.
combinations which must accommodate
transitions through basic, functional
and detail design are only
“approximated”; this is because the
information for these combinations is
less than complete at different
stages of design. AS part of the
extension of the Translation
Simulation Model, all distributions
would have an "associated accuracy"
value with the final budget
distribution.

4.2.2 TESTABILITY

Testability refers to the degree of
ease with which corrections to the
final distribution may be tested,
requiring knowledge of what is
correct and documentation of the
mechanics for conducting that test.

4.2.3 EFFECTIVENESS

All final distributions have an
impact on the analysis of Product
performance. For example, a
projection of percentage completion
is not very reliable if analysis
shows that the majority of
distributions have a low degree of
associated accuracy. On the other
hand, accurate data would demonstrate
an immediate acceptability.

4.2.4 LOCATABILITY

A sophisticated technique was devised
for tagging the ICWBS number and
associated budget of each proposed
distribution in order to allocate
actual cost back to the correct ICWBS
account accurately. This technique is
able to link and unlink relationships

repeatable sequence
distributions are iterated to their
final conclusion.
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4.2.5 MOVEMENT FROM SIMULATION MODEL
TO TRANSLATION MATRIX

The final output of the Translation
Simulation Model into the Translation
Matrix consists of:

o Product by Stage of Construction
Budget

o Relational Matrix Pointer
o Performance Contribution [P(x)]

P(x) is the contribution made by the
Product at a Stage of Construction to
overall ship performance. The sum of
all contributions equals completion
of the Product, or 100% performance,
thus

where T(p) = Total Performance
P(x) = Contribution of a

Completed Product
P(n) = Contribution of the

Last Completed
Product.

This output is illustrated in more
detail at Figure 38.

At this juncture it should be noted
that the Integrated Master Schedule
is relationally linked to the
intersection of Product at a Stage of
Construction (see Figure 38). This
link is a major factor in the success
and acceptance of the P/Se system.

Finally, it must be emphasized that
the Translation Simulation Model and
resultant Translation Matrix are
tightly controlled; changes to any
distribution or optimum location of
Product must be approved by an
Executive Steering Committee, thus
ensuring a true and consistent
baseline for performance measurement.

4.3

The
Test

REPORTING COST/SCHEDULE CONTROL
AND PRODUCT BY STAGE
CONSTRUCTION PERFORMANCE THROUGH
THE WORK DESCRIPTION/INSPECTION
AND TEST PLAN

Work Description/Inspection and
Plan (WD/ITP) is the primary

document defining the work required
for a Product at a specific Stage of
Construction. The resources to
accomplish the work tasks are
formally assigned through the WD/ITP
and are relationally linked to the
baseline schedule (IMS) and/or
operational schedules. The budget
for the WD/ITP is allocated through
the Translation Matrix, including
both system (ICWBS) and budget data.
Through a sub-set of the Relational
Matrix, distributed trade data for
each stage of construction is
accessed. Additional sub-sets
provide data for material, kitting,
etc. (see Figure 39).

detailed work
The WD/ITP is the set of all required

instructions,
procedures, material lists and
processes necessary to plan, perform,
and finally accept the work tasks for
a specific product at a Stage of
Construction. Through the WD/ITP,
the work performed (BCWP) is
objectively measured and the control
and monitoring of work performance is
supported. Control is established by
task (ICWBS system) through the
Product and Stage of Construction.

The WD/ITP has been
effectively report and
differences resulting
performance of work
differing from the
Optimal/Primary Stage.
40, 41, 42 and 43 for a
discussion. ) This is
through the unique
linking portions of work to Primary
Stages of Construction, with the
option of performing the work at that
stage or at a Secondary Stage of
Construction if necessary.

designed to
monitor. any
from the

at a stage
designated

(See Figures
more detailed
accomplished
approach of

The Primary Stage of Construction is
the OPTIMUM Stage of Construction for
the Product, as determined by
planning in relation to available
facilities at SJSL. At ibis Primary
Stage, the budget associated with the
Product reflects the optimal
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allocation of resources. Should the
product be completed at any other
stage, a negative cost impact could
be realized; Secondary Stages of
Construction accommodate performance
of work but may incur cost and
schedule deviations.

The work described on the WD/ITP is
cracked from the Primary Stage
through to its completion, regardless
of the number of secondary Stages of
Construction through which it might
be performed. With the movement of
the Product to the next construction
stage, the WD/ITP tasks are statused
and the remaining work is reassigned
through the WD/ITP to Secondary
Stages for completion. Consequently,
the WD/ITP, at any point in time,
represents the performance of work
completed (BCWP) and the exact
assessment of the performance
required to complete the work
remaining (EAC). This represents a
major step in performance measurement
systems, as it allows the shipyard to
take stock of day-to-day objectives,
in real time, and preclude the impact
of subjective statusing of in-process
work.

Formally, the process is accomplished
through the systematic closing out of
each completed task defined in the
ND/ITP as the work moves from one
stage to another. When the schedule
dictates that the Product moves to
another stage, but some of the work
tasks have not yet been performed or
are incomplete, a status is prepared
and recorded. The WD/ITP for the
current stage is closed, and records
performance for that stage only. The
work tasks which remain outstanding
are then reassigned to the next stage
through the same WD/ITP, with the
budget remaining from the Primary
Stage WD/ITP also transferred.
budget (BCWS) authorized for the
WD/ITP does not change from that
which was authorized at the Primary
Stage.

The remaining work is evaluated by
the Secondary Stage Superintendent
who will reassess work requirements
and recommend increases (operational
budgets) through an Estimate to
Complete (ETC). Ultimately the total
estimate authorized to production
through the Secondary Stage(s) WD/ITP
represents a reasonable estimate and
schedule to perform the remaining
work.

If need be, this process is repeated
through further Secondary Stages
until the work is completed. Each
Stage of Construction Superintendent
is responsible to perform the work on
behalf of the Primary Stage

Superintendent (Primary Stage
WD/ITP), but is also accountable for
performance of the work within his
stage.

SJSL has linked the C/SC Baseline
with the Operational Baseline through
the WD/ITP. The reporting mechanism
supports the preservation of detailed
historical data by Product, Stage and
ICWBS and further supports stability
of the baseline, as all reassignments
of task are formally recorded.

Overall performance against the
WD/ITP is recorded at each stage and
variance analysis is performed where
applicable.

Conclusion

The integration of Product by Stage
of Construction with a Cost/Schedule
Control application results in a
solid framework of cost and schedule
data that forms a basis for sound
planning and decision making.

The Translation Simulation model
described in this paper is designed
not only to effect the transition 
from the ship system (ICWBS) to the
Product approach, but also affords
traceability for historical and
control purposes and provides a
sealed model against which to measure
and report progress.

As illustrated in Figure 44, P/Se and
ICWBS data are synthesized through
the model and correctly assembled in
the WD/ITP. The application of
Integrated Master Schedule
requirements and actual cost of
accomplished work (ACWP) to the
WD/ITP represents a comprehensive
technique for measuring exact
performance (BCWP) at a given point
in time.

At time of publication, Saint John
Shipbuilding Limited is engaged in
dialogue with the Contracting
Authority to integrate Product by
Stage of Construction reporting
formally into existing C/SC
performance documents, and looks
forward to validation of the P/Se
system as implementation progresses
and matures.

Concurrent combined use of P/Se and
C/SC systems breaks new ground in
Canadian and perhaps North American
shipbuilding industry. It is hoped
this paper will stimulate and provide
a basis for further investigation
into this comprehensive approach to
project management, reporting and
control.
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ABSTRACT

The application of Computer Aided Design (CAD)
and Manufacturing (CAM) techniques in the marine
industry has increased significantly in recent
years, With more individual designers and ship
yards using CAD within their organizations, the
pressure to transfer CAD data between
organizations has also increased. The
Navy/Industry Digital Data Exchange Standards
Committee (NIDDESC) prow-ales a mechanism for
public and private organizations to cooperate in
the development of digital data transfer
techniques.

Organizationally NIDDESC is a cost-sharing
venture, between private firms and government
organizations. This effort arose from the Naval Sea
Systems Command (NAVSEA ) in cooperation with the
National Shipbuilding Research Program. The
members include leading professionals in the
marine industry from several major design firms,
private ship yards, naval ship yards, and
government laboratories. All members are directly
involved in CAD/CAM in their organizsations and
together represent a broad spectrum of experience
and perspectives.

NIDDESC has many sub-committees devoted to
specific areas of digital data transfer. The basic
objective is to develop an industry-wide consensus
on product data models for ship structure and
distribution systems. Efforts include contributions
to the Initial Graphics Exchange Standard, the
Product Data Exchange Standard, preparation of a
Recommended Practices Manual and the analysis of
ship production data flows. NIDDESC has made
contributions to the development of CALS
standards including MIL-STD-1840, DOD-IGES,
SGML, and MIL-D-28000.

INTRODUCTION

Nature of The Ship Design Process

The information exchange problem of the Navy
and the marine industry is one of the most

challenging faced by any group of organizations
in the world. This is due to:

* The complexity of the product,
* The life span of the product, and
* The number of participants in the design,

construction and service life support process.

Naval ships are among the most complex devices
known to man. Their design and construction
requires from 7 to 12 years. They roam the oceans
for 30 years following their construction. They
accomplish complex missions in hostile environments
while providing hotel accommodations for their
operators. Only a few of each type are built, with
each hull differing to some extent from her sisters.
By the standards of most industries, these
collections of 8,000,000 or so parts are all
engineering prototypes.

Unlike aircraft and most mechanical products,
ships are not designed, built, operated, maintained,
and modernized by vertically integrated corporate
giants. Rather these functions are accomplished by
a series of government activities and private
companies. Competitive pressures make it
impossible to know in advance who the participants
in the process will be. Further, the process itself
tends to vary somewhat from ship to ship.

All of the activities and companies involved have
improved this process by utilizing computer tools.
For example, many major builders have found
Computer Aided Design (CAD) applications a cost-
effective means of avoiding costly interferences
during construction.

The automation efforts within each activity or
company have required subatantial investments in
hardware and software ( both custom and
commercial), in training, orientation, and adaptation
of work processes to capitalize on computer
capabilities. The range and extent of investment is
even more impressive considering the general
decline and low profitability of the marine
industry. There can be no denying that the marine
industry is serious about CAD!

Investment choices made by different activities
and companies have quite naturally led to the
selection of different systems. Even companies
with identical systems have developed different
application techniques. Together with the
variations in the process noted above, the Navy
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and the marine Industry are squarely faced with a
requirement to be able to transfer product
information between and among all activities and
companies. This transfer must take place at all
stages of the product life cycle including design,
construction, and service life support.

Purpose of NIDDESC

One primary effort by the Navy and the marine
industry to address this requirement is the
Navy/Industry Digital Data Exchange Standards
Committee (NIDDESC).

NIDDESC is a cost sharing, cooperative effort
involving Navy & Industry technical experts in CAD
applications.

NIDDESC seeks to avoid costs associated with
regeneration of data bases by enabling the
exchange of digital data between successive agents
during the ship life cycle.

Cost Sharing Cooperative Effort. The NIDDESC
effort is being executed through a National
Shipbuilding Research Program (NSRP) style
cooperative agreement between the Maritime
Administration and Newport News Shipbuilding.
Newport News has executed purchase orders with
each of the commercial participants. Under the
terms of the cooperative agreement, each
commercial participant has waived profit and all
but direct labor fringe overhead. Thus, the
companies involved are absorbing one-third to one-
half of the labor costs.

Technical Experts. The Working Group is
comprised of the CAD Manager or a principal
deputy from each of the companies and activities.
Each member typically has 5-15 years experience
developing and introducing CAD to complex ship
design, construction, and support activities. As a
result NIDDESC is a standard-setting activity
working at the leading edge of CAD application
technology.

Avoid Cost. The costs associated with the
regeneration of ship technical data by successive
agents during the ship life cycle are substantial.
These costs are usually budgeted as expected costs
of doing business using traditional techniques. A
few examples hint at the cost avoidance potential:

* Bath Iron Works was able to avoid 96% of the
labor (approximately a manyear) usually
associated with production lines fairing on the
DDG51 by capitalizing on digital hull form
information made available by NAVSEA. This
was possible as a result of a technology
transfer developed under the Research and
Engineering for Automation and Producibility of
Ships (REAPS) Project in the 1970’s.

* PDS 350 and PMS 400 have spent several
million dollars each on digital data exchange
programs for the SEAWOLF and DDG51 classes
respectively. In each case, they were able to
justify the costs of the digital data exchange
program based on an expected reduction in the
rate of follow builder claims for geometric
discrepancies.

Enable the Exchanqe of Digital Data. This is the
ultimate challenge. Following a history of NIDDESC

and identification of the participants, is a
description of how NIDDESC has broken this
problem into manageable pieces and is developmg
solutions for the critical ones.

History of the Program

NAVSEA has responsibility for the design,
acquisition, and service life support of Naval ships.
During the course of the ship life cycle, NAVSEA
contracts with numerous design agents,
shipbuilders, equipment vendors, and logistics
agents to fulfill this responsibility. These
organizations have individually developed or
acquired various computer systems to support
their efforts. The result of their individual
selections and the highly competitive nature of the
Naval ship design, construction, and service life
support process present a generic need on the
part of the Navy and the marine industry, to
transfer digital data among different computer
systems.

This need was foreseen by many Navy and
industry leaders, and was formally articulated in
Toward More Productive Naval Shipbuilding, a
National Academy of Sciences/National Research
Council report sponsored by NSRP and issued in
December 1984. As a result of several meetings
following the issue of this report, NIDDESC was
formed in June 1986 as a joint project of NAVSEA
and NSRP. The Honorable Everett Pyatt, Assistant
Secretary of the Navy for Shipbuilding and
Logistics was instrumental in the formation of
NIDDESC. His office, together with various ship
acquisition projects and the Computer Aided
Acquisition and Logistics Support (CALS) program,
has provided most of the financial support. The
participants in NIDDESC are shown in Table I.

Table I. NIDDESC Participants

Navy
CHENG-L
CEL-PA
DTRC
PDS 350
Puget Sound NSY
NAVSEA 05
NAVSEA 06
NAVSEA 93
SEACOSD
SupShip-Bath

Industry
Bath Iron Works
Designers & Planners
Electric Boat
Gibbs & Cox
Ingalls Shipbuilding
JJH
NASSCO
Newport News Shipbuilding
The Jonathan Corporation
The Baham Corporation

The NIDDESC working group executed a Plan of
Action and Milestones (POA&M) approved by the
NIDDESC steering group in August 1986 and
updated in September 1987. By May 1989, the
working group had substantially completed this
POA&M at approximately 65% of the projected cost.
While there were literally hundreds of interim
products, the salient accomplishments under this
POA&M were:

* Establishing an approach to the transfer of
the ship definition data,

* Establishing marine-industry-wide agreement
on the structural and piping information to be
transferred, and
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* Influencing national
standards development
marine industry needs.

and international
efforts to support

In May, 1989, the steering group approved a
second POA&M to guide the next phase of NIDDESC
efforts. The working group efforts continue under
this POA&M.

OVERVIEW OF NIDDESC APPROACH

In breaking down the digital date transfer
problem into achievable pieces, NIDDESC has been
guided by a few fundamental principles concerning
digital data transfer. The first principle is that all
digital data tranafer projects require the
completion of four steps before an assured data
transfer capability exists. The second principle is
that all transferred ship information falls into four
categories.

Development of an Assured Data Transfer Process
Capability

The development of an assured data transfer
capability involving any type of information,
exchange technique, or media can be divided into
four steps. Specifically, they are:

Step 1. Identify Data for Transfer. NIDDESC is
applying information modeling technology to obtain
explicit agreement on the information to be
transferred. Information modeling allows a precise
statement of complex entities and relationships
between data types with minimal ambiguity. The
resulting model is in a form understandable by
computer specialists, engineers, and managers.
This model is the basis for the data transfer
process. This step is not expensive, but takes
time.

Step 2. Define Data Format. Once the subject
data is determined, a data transfer format can then
be defined. The DoD CALS initiative has
emphasized the development of computer-based
design, construction, and maintenance processes
through national standards and DoD applications of
these standards. NIDDESC is committed to this
approach. A data transfer capability built on these
standards can achieve significant economies baaed
on commercially developed and supported software.
Like step 1, this step is not expensive, but also
takes time. NIDDESC has a number of tasks,
described later, aimed at assuring that national and
DoD standards support the marine industry.

Step 3. Develop or Acquire Translators. This
step requires a substantial investment of resources
and time. It is principally a software development
effort that can only be undertaken when the
requirements (i.e. data to be transferred) and the
design (i.e. format of transfer) are completed.
NIDDESC is not involved in the development or
acquisition of digital data translators. In this area,
NIDDESC is looking to the development of
commercial translators based on CALS standards.
This approach has been confirmed with the
development of the Initial Graphics Exchange
Standard (IGES). With each successive release of
IGES, commercial products have become available
implementing portions of the new standard.

where specific ship projects have economically
pressing needs for data exchange capabilities
which are beyond the  scope of commercial
products, NIDDESC can facilitate the development of
specific software by having completed steps 1 and
2.

Step 4. Test and Validate Transfer Techniques.
Testing and validation brings the data transfer
capability to a production status. This step may
require substantial resources and time. Extensive
testing and validation is required prior to
contractual data transfers. Due to resource
constraints and the project-specific nature of test
and validations efforts, NIDDESC is minimally
involved in this area.

Ship Product Model Information Categories

Ship technical information falls into four broad
categories as illustrated in Figure 1. These
categories have different characteristics and uses.

The first category is Requirements information.
The ship is designed, acquired, and maintained to
fulfill some set of functional and mission
requirements These guide the initial ship
Definition which is analyzed for its ability to fulfill
these requirements. During the design stages, the
ship Definition becomes more explicit and
procedural specifications are developed to guide
further design efforts. Ship requirements data 
must be accessible not only in design and
construction stages, but also in service life stage
to determine suitability of alternate components or
configurations during maintenance and
modernization efforts.

The process of developing the Associated
Technical Products may highlight areas where the
ship Definition needs modification. Alternately
Requirements frequently change during the 7 to 15
year duration of the design and construction
stages. All of the Associated Technical Products
have the characteristic that a change in ship
Definition invalidates them to some extent and
requires them to be updated or regenerated.

During the design stages many analysis models
and analysis results are created based on the
developing ship Definition. Analysis results are
evaluated against functional and mission
requirements and provide the basis for ship
Definition changes and Requirements for successive
stages.

As the production planning and fabrication
stages begin, fabrication and assembly instructions
are developed and purchase orders are generated.
Test plans and instructions are developed to verify
that Requirements have been satisfied. Operating,
maintenance and training plans and support
requirements generally are developed by the
shipbuilder as part of an integrated logistics
support package.

Configuration Accounting information is needed
to support various configuration management and
change control processes applied to the ship
Definition, the Associated Technical Products, and
to the Requirements. This information is comprised
of approval status: hull applicability and product
structure information. This latter is most
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frequently system-oriented ESWBS numbers, but
at various stages can be compartment-oriented
and/or assembly-oriented numbering systems.

Definition information is the representation of
the ship that we want to design, build, operate, or
maintain. Definition includes geometry (shape),
topology (what pieces are connected to what), and
material (what it’s made of) data. Because
combatant ships these days resemble floating
computers which behave differently with different
programming, embedded software is included.

All these categories of information are of prime
importance to complete one task or another.
Analysis reveals, however, that almost every task
requires Definition information. This lead NIDDESC
to focus on Definition data as the key element. The
additional realization that the ship is constantly
changing has also forced NIDDESC to include a
minimal amount of Configuration Accounting
information in their initial scope.

All of these categories of information are
developed and many are communicated today via
traditional media including drawings and
documents. It is clear that the marine industry is
in the process of a media-shift from paper-based to
computer-based procedures. What is not so clear
is that there are many degrees of computerization.

The simplest degree of computerization is
“Image Capture.” At this level the computer can
display a video image of the paper product which
can be reproduced or replaced relatively
conveniently. Otherwise it has few advantages and
some disadvantages compared to traditional media.

The next degree of computerization is the "2-D
CAD Drawing." In addition to the advantages of
"Image Capture" this degree allows ad hoc changes
of scale and content and portrayal of alternate
configurations. A trained user is still required to
understand the 3-D product being displayed, and
even trained viewers frequently develop different
mental images based on the same set of drawings.

The next degree of computerization is the "3-D
CAD Model." In addition to the advantages of the
"2-D CAD Drawing" this degree allows ad hoc
changes of the viewpoint and assures that all views
represent the same 3-D product. This makes it
easier for any user to form a correct mental image
of the product and makes interference detection
possible.

The next degree of computerization is the
"Builder’s Definition." In addition to the
advantages of the "3-D CAD Model" this degree
allows computer checking of comp onent
compatibility (no flanged joints to threaded
connectors ) and association of CAD models to
material control systems, weight control systems,
etc.

NIDDESC has chosen to operate at the builder’s
definition degree of computerization. This is the
degree that leading builders are utilizing in their
detail design and construction systems and which
is of the most potential economic benefit for lead-
builder follow-builder data transfers. Additionally 
this is the degree of computerization which the
Navy will be able to capture as the basis for

service life support and modernization design.
Finally, this degree of computerization can be
decomposed to a lower degree easily, whereas the
opposite movement is difficult if not impossible.

Implementation of NIDDESC Objectives

NIDDKSC’s basic objective is to develop an
industry-wide agreement regarding the data to be
transferred. Once the data set for transfer has
been defined, it is possible to define the format for
transfer, develop the transfer software and test
the results in a manufacturing environment. The
progressive nature of Digital Data Transfer (DDT)
implementation can be depicted in three intervals
of time:

1. Near-Term Implementation ( 1 Year),
2. Mid-Range Implementation (2-5 Years), and
3. Long-Range Implementation (5+ Years).

NIDDESC is persuing data format definition tasks
designed to bring results in each time frame. In
this way the NIDDESC program can support current
ship design efforts and lay the groundwork for
future procurements. Each of these time frames
requires a unique approach as the CAD systems,
data transfer standards and ship construction
projects change. An overview of the NIDDESC
approach is shown in Table II.

Table II. Overview of NIDDESC Approach

I. Basic Objective - Identify Data for Transfer
A. Analyze Data Flows
B. Electrical Systems Data Model
C. Catalogs for Distribution Systems
D. Combat Systems
E. Outfitting & Furnishings

II. Near-Term (1 Year) Implementation
A. Recommended Practices Manual
B. MIL-D-28000 Application Protocol for 3-D Pipe

III. Mid-Range (2-5 Year) Implementation
A. IGES Implementation Baaed on HVAC Model
B. IGES Implementation Based on Structural

Model

IV. Long-Range (5+ Year) Implementation
A. PDES Inputs for Structure
B. PDES Inputs for Distribution Systems
C. PDES Logistics Models/Information .

The Development of Basic Agreement Tasks will 
identify the data for transfer. These include the 
analysis of data flows, ship product models and
catalogs for these models.

The Near-Term Implementation Tasks are
designed to give nearly immediate enhancements in 
the ability to transfer CAD data. These tasks make
use of current CAD platforms and IGES Application
Protocols. Also included is the development of a
Recommended Practices Manual.

The Mid-Range Implementation time frame of 2
to 5 years dictates enhancements to present
platforms and CAD software. These tasks focus on 
incremental enhancements to IGES.
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The Long-Range Implementation Tasks are
designed to take advantage of the next generation
of CAD systems. These CAD systems will utilize The
Product Definition Exchange Standard (PDES).
PDES will include the definition of data at the
engineering object level.

BASIC OBJECTIVE - IDENTIFY DATA FOR TRANSFER

The basic objective of the NIDDESC project is
the development of an industry-wide agreement
regarding the information to be transferred.
information modeling techniques are used by
software developers to define data and a framework
for understanding that data.

Information Modeling Techniques

At this point, a few words on information
modeling techniques will help to provide a context
for the discussion that follows. An information
model is simply a blueprint for understanding
information. It provides a means for unambiguous
communication between individuals. An information
model defines a common context for the
interpretation of information. The modeling
process is independent of computer technology.

NIDDESC has developed information models of
ship systems using the Nijssen Information
Analysis Method (NIAM), (1). A NIAM diagram
defines entities and their relationships. Entities
can be objects or concepts. They are represented
by circles. The second major element in NIAM
diagrams are roles. Roles define the relationships
between entities. They are represented by boxes
that contain verb phrases. In NIAM diagrams the
relationships between entities can be read as
simple English sentences. This provides another
means of representing the model which can be used
for verification.

There are several types of constraints in NIAM
diagrams that apply to entities and the roles
between them. Constraints are the rules of
behavior invoked when entering of retrieving data.
They guarantee the consistency of the information.
Constraints, in combination with entities and roles,
provide a complete definition of the database. This
definition allows individuals to communicate via the
database. It can be used within one computer or
as the basis of transferring information between
different computers.

A complete information model includes diagrams,
English statements derived from the diagrams and
a dictionary definition for every entity.

NEAR-TERM  (1 YEAR) IMPLEMENTATION

One thrust of the NIDDESC implementation effort
is the development of digital data transfer
standards for CAD systems equipped with IGES
translators. These systems provide real and
immediate capabilities within present limitations. In
addition, the development of these near-term
implementations provides test cases for emerging
national standards.

Recommended Practices Manual

This document presents recommended practices’
for digital data transfer among various government
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agencies, ship yards and design agents. Included
in the scope is transfer between NAVSEA
headquarters, Lead Builder, Follow Builders and
Planning Yards. The entire ship life cycle is
covered in this analysis; including design,
construction, maintenance and overnaul of Navy
ships. The manual is based on experience gained
from current ship acquisition projects Including
DDG51 and SEAWOLF.

The manual is divided into two parts. The first
part includes a general Introduction of the
management of digital design information
throughout the ship life cycle. The second part
provides specific solutions on the types of data
and the transfer mechanisms to be employed.
Alternative solutions are provided that are time
dependent based on anticipated Improvements in
hardware and software capabilities and the
implementation of national and international
standards. The manual is coordinated with current
published or developing standards such as MIL-D-
28000. The manual also includes draft ship
specifications, Contract Data Requirements List, and
contractual inputs for inclusion in future
contracts.

IGES Application Protocols

The IGES standard (2) was developed to provide
the means of transferring graphic data from one
CAD system to another using a universal data file
format. The IGES standard is comprised of entities
that represent elements commonly found in CAD
systems. To date, none of the major CAD systems
vendors have provided a full implementation of the
IGES standard. However, each has implemented a
portion of the standard using the entities that most
closely represent the capabilities of their
respective systems.

In order to use these IGIS translators
successfully, it is necessary to limit the product
modeling to the subset of entities available on the
target CAD systems. Once this subset is defined,
it is necessary to prescribe a relationship between
the CAD system entities and the product elements
that they define. Finally, a test program is
necessary wherein the elements of the CAD model
are carefully tested with data that is
representative of the design data. It is only after
this process is complete that the successful
transfer of CAD data with IGES entities can be
achieved.

The procedure described is often known as an
IGES Application Protocol (AP). The development of
AP’s can require significant resources. If 
organizations were to develop these procedures
independently, there would be a major duplication
of effort. In addition, the resulting AP’s would be
unique. The goal of universal data transfer
offered by the IGES standard would be lost. The
National Institute of Standards and Technology
(NIST) has recognized the need for standard AP’s
and has developed a guide for their development
(3). NIST is working with members of the IGES
Organization to develop AP’s. As they are
developed, AP’s will be submitted for inclusion in
MIL-D-28000. AP’s identify the information
requirements of a particular engineering discipline
(such as 3-Dimensional Piping) using the



terminology and practices particular to the
discipline. AP’s include the following elements.

1. Information Models. The first step in the
development of an AP is the definition of the data
comprising the product model. This model is
independent of any CAD system implementation and
can be validated by an expert from the application
area. Once the model is defined the IGES entities
are selected.

2. Format Specification. Along with the
information models, it is necessary to develop a
usage guide for the selected IGES entities that
defines restrictions on the global and parameter
data sections of the IGES rile.

3. Test Cases. The final portion of the AP
includes the protocol test cases. The test cases
include test data and a test methodology including
procedures and criteria for evaluating the test
results.

The NIDDESC project is contributing to the
development of Application Protocols in three
technical areas, including:

* 3-Dimensional Piping Model,
* HVAC Model, and
* Ship Structural Model.

3-Dimensional Piping Model

The 3-Dimensional Piping IGES Application
Protocol (4) being developed by NIDDESC is based
on the model developed under the SEAWOLF Digital
Data Transfer Program. The SEAWOLF model has
been has been generalized and expanded for this
effort. This AP is geared to using IGES constructs
and entities to pass enough information to capture
the design and permit the fabrication of a piping
system. No attempt has been made to pass either
preliminary design concepts or life cycle and
logistical information. The AP makes use of IGES
Version 4.0 with the addition of version 5.0
attribute data. The AP enables the exchange of the
following piping entities:

* Pipes
* Stave Damping Assemblies
* Joints
* Hangers
* Catalog Parts
* Components
* Attachments
* Product Structures
* Piping Attributes

Figure 2 presents the NIAM diagram showing
the piping parts relationships. The Piping Part
entity is represented as a solid circle in the center
of the diagram. Solid circles are used to define
real world objects. In this case, Pipe, Piping Part,
Geometry, etc. are all components of ship piping
systems. These components are related in two
major ways. The first type of relationship is the
subtype relationship. This is shown by a line
pointing from the subtype to the supertype such
as the relationship between Pipe and Piping Part.
All instances of subtype are automatically instances
of the supertype and all properties of the
supertype are inherited by the subtype. As entity
relationships can be read in both directions, the

relationship between Piping Part and Pipe can be
read as follows:

A Pipe is a kind of Piping Part.
A Piping Part may be a Pipe.

The second type of relationship between entities
is the role relationship. This can be illustrated by
the Product Structure and Piping Part relationship.
A Product Structure is an aggregation of parts for
a specific purpose or function. A product
structure may be a System, Assembly, Drawing or
Pipe Run. In NIAM diagrams, the role relationship
is depicted by a rectangular box divided in half.
This box contains verb phrases that describe the
binary role relationships. In this case the roles
can be described as follows:

A Product Structure may associate any number
of Piping Parts.

A Piping Part may be associated by any number
of Product Structures.

The role relationship is subject to various
constraints that serve to further define the
relationship. One such role restraint is simple
uniqueness. This means that the role is unique.
This constraint is shown by a double arrow by the
role. Uniqueness is paraphrased "only one." A
second constraint is simple totality. This means
that the relationship between the object and the
role must always occur. This constraint is shown
by a "V" drawn on the line connecting the role and
object. Totality is paraphrased "every." The
relationship between Piping Part and Pipe Port
demonstrates both the uniqueness and totality
constraints. In one direction, no constraints apply:

A Piping Part has any number of Pipe Ports.

However, the converse relationship contains both
uniqueness and totality constraints as follows:

Every Pipe Port is of only one Piping Part.

With the rules described above, the relationships
of Piping part to the other entities of can be read
as follows:

A Pipe is a kind of Piping Part.
A Component is a kind of Piping Part.
A Piping Part may have any number of Pipe

Ports.
Every Pipe port is of only one Piping Part.
Every Piping Part has only one Attribute Set.
Every Attribute Set is of only one Piping Part.
Every Piping Part has only one Geometry.
E-very Geometry is of only one Piping Part.
A Piping Part may be attached by any number of

Attachments.
Every Attachment attaches only one Piping Part.
A Piping Part may be associated by any number

of Product Structures.
A Product Structure may associate any number

of Piping Parts

A NIAM diagram showing Pipe and IGES
Relationships is given in Figure 3. Please note this
figure was developed to define the Pipe/IGES
relationships. Other relationships have not been
included for the purpose of clarity.
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In Figure 3, the top half of the circle symbol
defines the piping elements, the lower half of the
symbol defines the IGES entity used to represent
the piping element. IGES has no specific entity for
pipe, therefore it is necessary to select from the
available entities one which will represent pipe. In
this case the Composite Curve (Entity 102) was
chosen. The use of the Composite Curve Entity is
not unique, it is also used to represent piping
joints (such as tees and elbows) and pipe stave
damping. As the Composite Curve is used to
represent several piping elements, it is necessary
to differentiate between the applications. This is
done through the use of the Attribute Set as
follows:

Every Pipe has only one Pipe Attribute Set.
Every Pipe Attribute Set has only one Part

Type, only one Catalog ID Number, only one Nominal
Pipe Type, only one Nominal Pipe Size, only one
Part ID, and only one Attribute Set Definition.

A Pipe Attribute Set may have any number of
Optional Attributes.

The Pipe Attribute Set is represented by the
IGES Attribute Table (Entity 422, Form 0). The
Attribute Set Definition is represented by Table 4
of the IGES Attribute Table Definition (Entity 322,
Form 0). In IGES version 4.0, this list contains
only 17 attributes. This AP makes use of attributes
18 through 27 which have been approved by the
IGES committee and will be included in IGES 
version 5.0.

The Pipe geometric definitions, also shown in
Figure 3, can be described as follows:

Every pipe has only one Path Geometry.
A Path Geometry has only Lines and/or Arcs.

Note the "T" between the Line and Arc objects.
This is a subtype total constraint which connects
all valid subtypes. From the above discussion, the
centerline of a pipe is totally defined by any
number of lines (IGES Entity 110) and/or circular
arcs (IGES Entity 100).

Note the "X" between the near roles for the
Pipe End. This is a role exclusion constraint which
indicates that the roles are mutually exclusive.
The treatment of pipe ends can be read as follows:

A Pipe may have one or more Pipe Branches.
Every Pipe starts at only one Pipe End.
Every Pipe ends at only one Pipe End.
Every Pipe End either starts a Pipe or ends a

Pipe.

The complete AP (4) contains similar diagrams
for Component Occurrence, Pipe Hanger, Stave
Assembly, Joint, Attachment, Product Structure,
Catalog Part, Catalog Part Geometry and External
Reference.

HID-RANGE (2-5 YEAR) IMPLEMENTATION

The mid-range implementation time frame of 2 to
5 years dictates enhancements to presently
available platforms and CAD software. During this
time frame the majority of CAD system users will
upgrade, but not completely replace, their present
investment. This time frame allows for revisions of
the IGCS standard. In order to take full advantage

of IGES standard development, NIDDESC has sent
representatives to the quarterly IGES meetings.
The goal of this activity is the development of
extensions to IGES that will facilitate the transfer
of ship product data. This effort has taken direct
advantage of the SEAWOLF DDT program for ship 3-
Dimensional pipe and the data transfer specification
developed for the DDG51 DDT project. The results
of this effort will be available for mid-range ship
acquisition programs, CALS and other Navy CAD
data transfer requirements.

NIDDESC plans to continue these mid-range
implementation activities with the following efforts:

* Participation in the IGES Organization,
* IGES Changes for HVAC, and
* IGES Changes for Ship Structure.

LONG-RANGE (5+ YEARS ) IMPLEMENTATION

IGES is the data transfer standard presently in
use in the CAD industry. It was developed to
transfer graphical data entities between different
CAD systems. In practice, designers employ these
CAD entities to represent physical entities. The
relationship between CAD entity and the physical
entity is often inferred and does not reside within
the computer database. Future CAD systems are
being designed to resolve this problem. These CAD
systems will possess databases that allow the
definition of physical entities. For instance, Figure
3 shows the relationship between piping elements
and the IGES entities that represent these
elements. In future CAD systems this relationship
will be an integral part of the system, transparent
to the designer.

The Product Definition Exchange Standard
(PDES) is being developed to take advantage of the
ability of future CAD systems to define product
models. PDES will provide for the transfer of this
product data without loss of information or the
introduction of ambiguities. To achieve this goal,
PDES development requires a three layer
architecture including applications layer, logical
layer and physical layer. Information models
required to communicate between these layers are
being developed by experts in several engineering
disciplines.

PDES version 1.0 (5) was published in the fall of
1988. It included mechanical piece parts,
mechanical assemblies, electrical printed wiring
board products, AEC models (including the ship
structural model), FEM models and drafting
applications. NIDDESC contributed the AEC ship
structural model and has since begun the
development of a distribution systems model.
NIDDESC plans to continue the PDES development
effort with the following tasks:

* Participation in PDES Organization,
* Reference Model for Ship Structural Systems,
* Reference Model for Distribution Systems, and
* Reference Model for Ship Logistics Data.

PDES Ship Structural Model

The NIDDESC Reference Model for Ship
Structural Systems (6), was endorsed by the PDES
Architecture, Engineering and Construction
Committee in October 1988. The goal of this
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document was the
information model

developmentof a ship structure
that allows the transfer of the

majority of the ship structure without manual
Intervention or interpretation of the results. This
model has been incorporated into the first draft of
the PDES standard. and as such is being reviewed
and revised by the members of the PDES
Organization. The Ship Structural Systems model
defines the ship structural product at the
completion of detailed design and lofting. Nesting
data has heen excluded as it is typically unique to
individual ship yards. The ship product model
includes the following geometric, topological and
property information:

* Molded Hull Lines;
* Stiffened Surfaces (shell, bulkheads, decks,
etc):

* Cutouts, Lightening Holes and Penetrations;
* Weld Data and Bevels:
* Stiffener Data;
* Material Definition (thickness, type, material);
* Brackets, Collar Plates;
* Stanchions;
* Units/Assemblies;
*  F o u n d a t i o n s ;  a n d

* Rudder.

Definitions. The definition of the ship
structural product model is contained in a series of
NIAM diagrams showing the relationships between
ship structural elements. The relationship between
hull, assembly and subassembly is represented in
the NIAM diagram shown in Figure 4. The elements
shown have the following definitions:

* Hull: Collection of Systems which comprise a
ship.

* System: Functionally related group of
elements.

* Structural System: Collection of structural
parts used to divide and support other
Systems.

* Unit Assembly: Collection of parts and/or Sub-
Assemblies in a logical or physical grouping.

* Sub Assembly: Collection of parts and/or other
Sub-Assemblies in a logical or physical
grouping.

* Part: Unique structural element or component
consumed during the production process.

* Material: Substance making up a part
including description of material and
properties.

* Path Segment: Bounded portion of a molded
curve beginning and ending at nodes.

Relationships. These elements have the
following principal relationships as shown in the
figure:

Every hull is made up of one or more Systems.
A Structural System is a kind of System.
Every Structural System is made up of one or

more Unit Assemblies.
A Sub-Assembly is a kind of Unit Assembly.
A Sub-Assembly may be made up of Sub-

Assemblies and/or Parts.
Every Part must be of exactly one Sub-

Assembly.
Every Part must be either a Plate Part, Shape

Part or Library Part.

Every Part must be Identified  by only one Part
ID, creased at only one Date/Time and made of only
one Material.

A Material  may be used for any number of Parts.

In this network, it can be seen that the
structure of the ship hull is comprised of plate,
shape and library parts. The model defines the
relationships of each of these parts. For the
purpose of brevity, the following discussion will
be limited to shape parts. The complete model
defines relationships of plate and library  parts to
a similar level of detail.

Figure 5 presents a NIAM diagram showing
structural shape relationships. Structural shapes
attach to a surface or plate along a straight or
curved line. They have standard or non-standard
cross sections. They may be twisted. They are
intercostal or continuous. They are bounded by
surfaces, plates or other shapes. Shapes have end
cuts which can take on a wide variety of
configurations. The following relationships can be
seen from the figure:

Every Shape Part must start with only one End
Cut.

Every Shape Part must end with only one End
cut.

A Shape Part is defined by any number of Path
Segments.

A Shape Part has any number of Shape part
Edges.

Every Shape part is oriented by one or more
Shape Orientations.

Every Shape Part is Iota ted by only one Shape
Reference Point.

Every Shape part starts with only one Shape
Clearance and ends with only one Shape Clearance.

Every Shape Part is offset by only one Shape
Surface Offset.

Every Shape Part is identified with only one
Cross Section.

A Shape Part is marked by any number of N/C
Marks.

A Shape Part is joined by any number of Nodal
Joints.

Every Shape Part is identified with only one
Shape Part Type.

The complete model (6) contains descriptions of
ship geometry and topology, parts (including plate,
shape and library), joints and openings.

PDES Distribution Systems Model

In addition to the Ship Structural Model,
NIDDESC is developing a Distribution Systems Model
for the PDES standard. Like the Ship Structural
Model, this is being developed in conjunction with
the PDES AEC Committee. The Distribution Systems
Model defines engineering systems whose function
is to distribute fluids or energy including, 3-
dimensional piping, electrical and HVAC systems.
The developers of the model have a primary
orientation to shipboard systems, however, the
content and structure of the information defining
these products are transferable across industries.
In this way the marine community, through
NIDDESC, is making a contribution toward the
general goal of CAD integration through the
development of international standards. The model
is focused on the definition of elements which
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comprise the distribution system including shape,
topology and geometry. The life cycle focus is on
the detailed design phase and the development of
production data.

Many organizations are contributing to this
effort by reviewing and commenting on the
contents of this model. As a result it is being
continually revised. The figures that follow
represent the state of the model as it was
developed in April 1989. This model is scheduled to
be submitted to the PDES organization in October
1989. in the following discussion a general
overview of the model will be presented. The
complete model, in its latest form, can be found in
Reference (7].

Definitions. Figure 6 shows the hierarchy of
systems and parts in the Distribution System
Model. In this diagram all part classes are
subtypes of the System Part. The concept of
inheritance is used so that attributes and other
detailed information are conveyed to subtypes from
the parent supertype. For instance, the Piping
System Part must have one or more interface ports
because it is a subtype of the Distribution System
Part. The following definitions apply:

*Distribution System Parts: Parts of an
engineering system that distributes fluids or
energy within the ship.

* Devices: A part of several systems that needs
not have interface ports. Devices tend to be
more complex than Distribution System Parts.
Devices may occur in more than one system.

* Instrument A Device used for monitoring
and/or control within the system.

* Equipment A complex Device that, can belong
to more than one system (e.g. pump,
compressor or heat exchanger).

Relationships. The principal relationships
shown in the figure can be stated as follows:

An Engineering System Part is a kind of System
Part,

Every Engineering System Part must be either
a Mechanical System Part, a Distribution System
Part, or a Device.

Every Distribution System Part connects at one
or more Interface Ports.

Every Distribution System Part must be either
a Piping System Part, an HVAC System Part or an
Electrical System Part.

Every Device must be either an Instrument or
Equipment.

A Device may connect at any number of
Interface Ports.

In the complete model, Piping, HVAC and
Electrical Parts are further broken down into their
respective part types. Figure 7 shows the
Part/Catalog Relationships. Catalogs of parts are
used extensively in describing ship systems. This
figure is a generalization of the concepts which will
be applied to all specific parts. Important concepts
here are the relationships between Catalog
Reference Part and Specific Part and the different
Attribute Sets.

Part Attribute Set which contains, among other
things, explicit part geometry. If a part is
referenced from a standard parts catalog, then it
is described by a Catalog Reference Part Attribute
Set.

CONCLUSION

NIDDESC is an unqualified success. Three years
ago the Navy and the marine industry were non-
players in the digital data exchange standards
world and their needs were being ignored. For
example, draft versions of PDES at that time did
not support the concept of a volume bounded by
surfaces such as a ship compartment. Today,
through NIDDESC, the Navy and the marine
industry is an acknowledged leader in digital data
exchange.

The NIDDESC Structural Model is part of the
PDES First Working Draft and Its international
equivalent ISO/STEP.
The NIDDESC Distribution Systems model is well
on the way to incorporation in PDES.
The NIDDESC 3-D Piping Application Protocol
has been found to support the needs of the
process plant industry as well as the marine
industry. It will be incorporated in MIL-D-
28000 during 1989.
Many change requests originated by NIDDESC
participants have been incorporated in IGES
Version 4.0 or are being incorporated in IGES
Version 5.0.
NIDDESC has established a track record of
producing top-quality products on t h e
schedules promised.

There are many reasons for this transformation:

The technical qualifications and can-do
attitude of the participants.
The teamwork displayed by NIDDESC members
from different companies and government
activities while working toward common goals.
Their cooperation has been in the finest
traditions of NSRP and REAPS cooperative
efforts.
The establishment of formal POA&Ms to
structure and focus NIDDESC activities.
Corporate willingness to absorb part of the
cost of NIDDESC operation and corporate
tolerance for what was frequently an uncertain
funding situation.
Navy sponsors' willingness to support a
project aimed at a general benefit.
The utilization of information modeling to
obtain explicit and lasting agreement on the
information to be transferred.

The authors are pleased and gratified to be 
associated with NIDDESC. We have the feeling that
at the end of our careers, we will look back and
say, "NIDDESC was an effort that really made a 
difference. ”

In short, a Part can be explicitly defined or
referenced from a catalog of standard parts. If a
Part is explicitly defined, then it has an Explicit
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Liability for Hazardous Wastes Produced
During the Course of Ship Repair
John L. Wittenborn, Visitor and William M. Guerry, Visitor,
Collier, Shannon, Rill & Scott, Washington, D.C. 

ABSTRACT

Many common ship repair tasks
result in the production of
quantities of various hazardous
wastes. These wastes, regardless of
volume, present difficult burdens
for shipyards and the U.S. Navy.
Under federal environmental laws,
the responsibility for handling
hazardous wastes and the liability
for their ultimate disposal rests
with the person or persons who
create the wastes and who arrange
for their disposal. Often times,
however, the responsibility and
liability for handling and disposing
of these wastes is unclear. This is
especially time when naval ships are
repaired in contractor facilities
and wastes are produced by the
activities of ships’ force,
contractor personnel or some
combination of the two. Further
complicating the web of liability is
the divergent source of the
wastes. Some wastes are produced as
a direct result of required
maintenance work on ship systems.
Other wastes may be produced in the
yard by activities which are largely
discretionary with the contractor.
Ultimately, These wastes from all
sources must be identified,
packaged, stored, treated,
transported and disposed. Potential
future liability may arise at each
step in this process.

This article reviews briefly
the structure and function of two
principal federal hazardous waste
statutes and explains how their
myriad complex responsibilities and

No. 14

liabilities are applied in the
context of a typical ship repair. 1 /

SCOPE OF THE PROBLEM

Numerous hazardous wastes may
and often are produced during the
course of ship repair work. These
can include (1) solvents used for
engine repair, metal parts cleaning
or painting; (2) acids or caustics
used for boiler cleaning or line
flushing; (3) spent abrasive blast
containing quantities of toxic
pigments; (4) sludges from fuel
tanks or bilges; and (5) coolants or
anticorrosive agents used in diesel
engines or hydraulic systems. This
list is far from exclusive. SUPSHIP
Portsmouth has identified 43 kinds
of hazardous waste typically
produced during ship repair
work. 2 / of course, not all of
these wastes will “be produced in
every ship repair. However, the
production of any hazardous waste
automatically triggers the
application of several federal and
state statutory and regulatory
requirements, violations of which
can lead to sizeable, civil and even
criminal penalties. in addition,
releases of such wastes, through
spillage, in transportation

1/ Most states also have enacted
statutes which will prescribe duties
and liability for parties involved
in hazardous waste handling and
disposal. Readers are cautioned to             
consider the application of such
laws in ascertaining their
responsibility for hazardous wastes.

2 / Proposed Revised NAVSEA Standard
Work Item No. 077-01, submitted to
the General Committee of the NAVSEA
Standard Specification for Ship
Repair and Alteration Committee
(SSRAC), June 12, 1989.
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accidents, or at the disposal site
even years after ultimate disposal,
can Lead to cleanup liability.

The principal federal statute
which establishes the duties for
hazardous waste handling and
disposal is the Resource
Conservation and Recovery Act
(RCRA). 3/ The statute which
creates liability for releases of
such wastes into the environment is
the Comprehensive Environmental
Response, Compensation, and
Liability Act (CERCLA). 4/ These
statutes apply to the U.S. Navy as
well as to private shipyards. 5 /

RESOURCE CONSERVATION AND RECOVERY
ACT

Enacted in 1976 as an amendment
to the Solid Waste Disposal Act,
RCRA was Congress’ first attempt to
regulate in aomprehensive fashior
tne handling and disposal of
hazardous wastes. The Act is now
well known for its “cradle to grave”
regulatory program which. requires
detailed record  keeping and careful
tracking of hazardous wastes from
the moment of production to the
point of ultimate disposal. The key
to making this system work lies with
the person who produces the waste --
the generator.

Who is the Generator?

Although section 3002 of RCRA
sets forth in general terms the
duties of hazardous waste
generator, bet; the term itself and
the details of those
responsibilities are set forth in
the U.S. Environmental Protection
Agency’s (EPA’s) implementing
regulations. Those regulations
define the term “generator’ as “any
person, by site, whose act 01

3 / 42 U.S.C. §6901  et  seq. (1982).

4./ 42 U.S.C. §9601 et seq. (1982).

5. /     Under both RCRA and CERCLA ,
Congress has enacted comprehensive
federal facility provisions which,
in general terms, waive sovereign
immunity defenses for all
substantive and procedural
requirements under the law. Thus ,
federal agencies and employees are
liable to the same extent for
violations of the hazardous waste
laws as any other person, including
liability for cleanup costs under
CERCLA .

process produces hazardous waste
Identified or listed in Part 61 of
this chapter or whose act first
causes hazardous waste to become
subject to regulation.” 6/ By
referring explicitly  to the site of
generation, the definition requires
a company with multiple facilities

evaluate and comply with the
generator requirements individually
for each such facility. However,
the duties of a generator apply to
the person or persons who produce
the waste rather than simply the
facility at which the waste is
produced. When multiple persons are
involved in the production of a
hazardous waste, EPA interprets the
definition broadly to apply the
generator duties and liabilities
jointly to all of the generatorparties

Duties of the Generator

The first duly of any generator
is to determine  wether any of its
Wastes are hazardous wastes under
the criteria  prescriber by RCRA. To
be a hazardous waste , a material
m u s t  f i r s t “solid waste.”
EPA's current regulations define
this term to include say “discarded
material” that is not otherwise
subject to a regulatory exclusion or
a specific variance granted by
EPA. 7/ “Discarded material” is in
turn defined as any material that is
abandoned, recycled or “inherently
waste-like”. A material is
abandoned if it is disposed of,
burned or incinerated, or
accumulated, stored or treated prior
to or in lieu of abandonment. A
material can be a solid waste if it
is recycled in a manner constituting
disposal, burned for energy
recovery, reclaimed, or
speculatively accumulated.
Materials are not solid wastes when
recycled in a manner involving
direct use or reuse as ingredients

feedstocks in a production
process or as an effective
substitute for a commercial product,
or which are recycled in a closed
loop production process.

Once a material is found to be
a solid waste, it must be determined
whether it is also a hazardous
waste. Unless excluded or exempted
under EPA’s regulations, a solid

6 / 40 C.F.R. §26O.10 (1988).

7  40 C.F.R. §261.2(a), 40 Fed.
Reg. 664 (Jan. 4, 1985).
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waste will also be a “hazardous
waste” if it is either (1)
specifically listed by EPA or (2) it
exhibits any of the four
characteristics of a hazardous waste
set forth in EPA’s regulations and
discussed below. By regulation, EPA
has specifically excluded certain
wastes from the definition
“hazardous wastes.” 8 / In addition,
EPA has provided other limited
regulatory exemptions for particular
circumstances. For example,
hazardous sludges which are
generated in a product or raw
material storage tank, transport
vessel, pipeline or manufacturing
process unit are exempt from the
definition of “hazardous waste.” 9/

Pursuant to statutory
authority, EPA has established by
regulation three lists of hazardous
wastes: (1) hazardous waste from
nonspecific sources (F-1isted
wastes); (2) hazardous wastes from
specific sources (K-listed wastes):
and (3) discarded commercial
chemical products, off specification
products, containers and spill
residues thereof (U- or P-1isted
wastes). In addition to these
specifically listed wastes, wastes
which meet one of four hazardous
characteristics: ignitability,
corrosivity, reactivity, or
toxicity, are also covered by
RCRA . Specific definitions of each
of these characteristics are
contained in EPA’s regulations at 40
C.F.R. 55261.21, .22, .23, and
.24. Finally, a material will be
subject to regulation under RCRA if
it is a combination or mixture of a
listed hazardous waste and any other
solid waste.

Once the generator has
determined that his waste is a
hazardous waste, he must obtain an
EPA identification number before the
waste can be transported, treated,
stored or disposed. Moreover,
persons who receive wastes from the
generator for shipping, treatment,
storage or disposal must have
obtained EPA identification

8 / The list of exclusions includes
house household wastes, utility
wastes from coal combustion, waste
from the extraction and processing
of ores, certain chromium-bearing
wastes, etc. 40 C.F.R. §261.4.

21 40 C.F.R. 5261.4(c).

numbers. 10 / The generator also has
the responsibility of preparing the
Uniform Hazardous Waste Manifest, a
control and transport document that
accompanies the hazardous waste at
all times. Before shipment, the
generator must insure that the waste
is properly described as required by
Department of Transportation (DOT)
regulations, and properly packaged
and labeled for shipment. Next, the
generator must ensure that the name
and EPA identification numbers of
each authorized transporter and the
treatment, storage and disposal
facility are listed on the
Manifest. Finally, the generator
must ensure that a return copy of
the Manifest is received indicating
that the waste was accepted by the
designated treatment, storage or
disposed (TSD) facility and keep a
copy of the final signed Manifest
for a period of three years.

As amended in 1984, RCRA now
requires the generator to certify on
the Manifest that he has in place a
program to reduce the volume and
toxicity of such wastes to the
degree determined by him to be
economically practicable and that
the proposed treatment or disposal
method will effectively minimize the
present and future threat to human
health and the environment. For
wastes which will be disposed of on
the land, the generator must also
certify that such wastes meet the
applicable treatment standard which
will allow land disposal to occur.

Before shipping wastes off-
site, the regulations allow the
generator to accumulate up to 55
gallons of hazardous wastes at the
point of generation, as long as the
containers are properly marked. In
addition, the generator is allowed
to store hazardous wastes on its
site prior to shipment for a period
of up to 90 days, without first
obtaining a permit and meeting all
of the requirements for permitted
storage facilities.

Obviously, the proper
identification of the generator is
crucial in the overall RCRA
hazardous waste regulatory scheme.
Not only do the duties and
responsibilities follow the
identification of the generator,
but, certain functions, such as on
site storage for up to 90 days, are
only allowed to the generator. The

10 / 40 C.F.R. 262.12(c).
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penalties which accompany failure to
properly perform these generator
duties can be substantial. For
violations of the regulations,
includinq on-site storage beyond 90
days, RCRA provides for civil
penalties of up to $25,000 per
day. For knowing or willful
violations, criminal penalties,
including fines and imprisonment,
are available. When more than one
party is considered to be a
generator, these penalties can be
applied to all “co-generators” of
the wastes. Because many of the
wastes produced during ship repair
are co-generated, the allocation of
the duties and liability under RCRA
is of great importance.

CERCLA

Whils RCRA establishes a
cradle-to-grave regulator program
for present hazardous waste
activities, the Comprehensive
Environmental Response, Compensation
and Liability Act (usually referred
to as  "CERCLA" or “Superfund”)
establishes a comprehensive resPonse
program for threats to
environment caused by both present
and Past hazardous waste activities.

CERCLA broadly authorizes EPA
to undertake short-term “removal”
and/or long-term “remedial” action
in response to a “release”
(spilling, leaking, pumping, etc.)
or a “substantial of a
release” of any (1) hazardous
substance; or (2) pollutant or
contaminant under circumstances
where the pollutant or contaminant
“may” present an imminent and
substantial danger. A typical
“removal action” would be a response
to a tank trunk spill in which EPA
siphons all spilled materials and
hauls away a few inches of
contaminated soil. Removal action
costs can run from a few thousand to
two million dollars, and in certain
cases, even more. 11/ A typical
“remedial action” would involve a
more thorough cleanup of a Waste
disposal site such as a landfill
which is contaminating the
groundwater and which might require
extensive construction activity,

11 / By statute, removal actions are
limited in scope to one year and
$2.0 million unless certain
conditions are found and special
authorization obtained by EPA 
CERCLA section 104(c)(1); 42 U.S.C.
§9604(c) (1).

incluting possibly a groundwater
pumping and treating program.
Remedial actions  at Superfund sites
can cost hundreds of millions of
dollars With elaborate planning,
design, construction and operation
activities.

To ensure that EPA (or a State)
is reimburses for Costs associated
with a remedial or removal action,
CERCLA authorizes EPA (or a State)
to bring actions against
“responsible parties”, who are in
varying degrees related to the site
at which there is a release or a
threatened release. The types of
parties who may be liable for costs
associated with a response action
are specified in section 107(a) of
CERCLA as fellows:

(1)

(2)

(3)

Present and past
“owners or operators”
of the site at which
there is a release or
threatened release;

parties who
transported wastes to
the site at which
there is a release or
threatened release
(“transporters”); and

parties (usually
referred to
“generators”) who by
contract, agreement or
otherwise “arranged
for” the wastes to be
transported, disposed
or treated.

Significantly, all of these
“responsible parties” are strictly
liable for costs associated with
remedial or removal actions. This
means that a party will still be
liable even if he can demonstrate
that he used all “due care and met
all the legal requirements (such as
selecting a properly licensed hauler
to take the waste to a properly
licensed landfill) unless he can
establish one of three affirmative
defenses set forth in section 107(b)
of CERCLA. That section provides a
defense to Superfund liability only
for a party (defendant) who can
demonstrate by a Preponderance of
the evidence that the release or
threat of a release was caused
solely by: (i) an act of God;
(ii) an act of war; or (iii) an act
or omission of a third-party other
than an employee or agent of the
defendant and other than a third-
party whose act or omission occurs
in connection with a direct or
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indirect contractual relationship
with  the defendant. TO establish
the “third-party“ affirmative
defense, the defendant must
demonstrate by a Preponderance of
the evidience that he: (i) exercised
due care with respect to the
hazardous substance  concerned; and
(ii) that he took precautions
against foreseeable acts or
omissions of any such third
persons. Courts have very narrowly
construed these three affirmative
defenses to Superfund liability and
generally only allow a third-party
defense when there is no contractual
relationship between the third-party
and the defendant. U.S. -v .
Monsanto, 858 F.2d 160, 169 (8th
Cir. 1988). 12

Under CERCLA, a responsible
party may be held liable in the
first  instance for the entire cost
of cleaning up a site instead of
being  liable only for the “share” of

the release for which he is actually
responsible. A responsible party in
turn can bring a contribution claim
under section l13(f) against any
other person “who is liable or
potentially Liable under section
107.”  In resolving contribution
claims, a court may allocate
response costs among liable parties
using such equitable factors as the
court determines appropriate. often
EPA will pursue only a single
responsible party or a small group
of responsible parties for the total
costs associated with a removal or
remedial action. These responsible
parties must then try to recoup the
costs of EPA’s cleanup by pursuing
independent contribution claims
against other responsible parties.

RCRA/CERCLA OVERLAP

Although CERCLA liability is
distinct from RCRA duties, the two
programs can and often do overlap.
Frequently, to identify CERCLA
responsible parties for a release

12 / In 1986, Congress clarified the
“contractual relationship” concept
as it applies to landowners. Now, a
party who acquires by deed or
contract, a facility
hazaraous substances
placed or disposed may
“innocent landowner”
reasonable precautions
purchase to determine
site was contaminated.
section 101(35)(A);
§961)l(35)(.A).

upon which
have been
still be an
if he took
prior to the
whether the
See CERCLA
42 U.s.c.

requiring remedial action, EPA will
use information on the RCRA Uniform
Hazardous Waste Manifest forms to
find the generators and transporters
of the waste. Thus , the EPA
generator number on the RCRA
hazardous waste manifest becomes the
fingerprint that EPA will use to
identify future responsible parties
under CERCLA.

APPLICATION To SHIP REPAIR
OPERATIONS

RCRA Compliance

In the context of a typical
ship repair operation, both the Navy
and the contractor are likely to be
considered generators of hazardous
wastes. The contractor would
clearly be the generator for those
wastes which his personnel create
through the use of materials, such
as hazardous solvents, which are
discretionary with the contractor.
In addition, the contractor WOUld be
liable as a generator for wastes
which first become subject to
regulation because of the acts of
his employees. Similarly, the U.S.
Navy would be the generator for
wastes produced exclusively by the
ships’ force either on the ship or
in the contractor’s facility. In
such cases, it is the Navy’s own
operations which first cause these
wastes to become subject to RCRA
regulation. Thus , the Navy is
clearly the “person” whose act first
produces the hazardous waste. 13/
Moreover, the Navy, and not File
contractor, produces, owns and
possesses the material on its ships;
therefore, only the Navy could have
the intent to “discard” its own
hazardous materials and thereby
first cause them to become subject
to RCRA regulations. A shipyard
contractor which simply removes,
handles or disposes of hazardous
waste produced by the Navy is not a
RCRA generator of those wastes
because the contractor neither
produces the hazardous wastes nor
first causes them to become subject
to regulation.

13  /  40 C.F.R. §26O.1O defines
“person” to mean an individual,
trust, firm, joint stock company,
federal agency, corporation
(including government corporation),
partnership, association; state,
municipality, commission, political
subdivision of a state, or any
interstate body. (Emphasis added).
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There is a category of waste
however, for which both the Navy and
the contractor would be considered
co-generators. Co-generated wastes
include comingled wastes such as
bilge water which was contaminated
by actions of both the Navy and the
contractor, or materials such as
diesel engine coolant fluid which
becomes a hazardous waste when
removed from the ship’s systems
pursuant to necessary repair work.
For these wastes, both the Navy and
the contractor would share generator
liability because their independent
actions each contributed to the
contamination, or because their
actions in combination first caused
the material to become subject to
regulation -- the Navy by ordering
the repair and the contractor by
performing the repair and removing
the fluid.

Under EPA’s policy, the Navy
and the contractor are co-generators
of these wastes and are equally
liable for their proper
disposition. The question of who
must perform the duties of the
generator is one to be resolved by
contract between the Navy and the
shipyard and not by EPA  S
regulations. Regardless of who
performs the generator duties, EPA
will look to either party or both
parties if the requirements of the
regulations are not performed or not
performed properly. Thus, both the
Navy and the shipyard must ensure
that RCRA compliance is scrupulously
maintained.

Once the RCRA issues are
resolved and wastes have been
properly identified, packaged and
shipped for disposal, potential
liability does not end. In some
cases, despite the best intentions
of both parties and despite
adherence to the RCRA requirements,
hazardous waste problems will still
arise if wastes are accidentally
spilled or even if wastes are
released into the environment years
after proper disposal. In either of
these cases, the private shipyard
and the Navy may be faced with
cleanup liability under CERCLA.

CERCLA Liability

As described above, CERCLA
liability may arise whenever EPA, a
State or another private party
undertakes a removal or remedial
action in response to a release or
threatened release of hazardous
substances. In the context of ship
repair, this release or threatened
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release may apply to wastes
generated during the course of ship
repair which are released from: (a)
a Navy ship docked at a private
shipyard facility; (b) a private
shipyard facility; and (c) a
treatment, storage or disposal
facility or during transportation.

Section 107(a) of CERCLA
imposes liability on “the owner and
operator of a vessel or a facility”
from which there is a release or
threatened release of hazardous
substances. Thus , if there is a
release from a Navy vessel which is
docked at a private shipyard
facility, the Navy, as the owner or
operator of the “vessel” from which
there was a release, would certainly
be a responsible party. 14/

The shipyard contractor would
also be considered a responsible
party ii the contractor “operated”
or “controlled” repair procedures on
the Navy vessel that caused or
contributed to the release of the
hazardous substances. Even if the
shipyard contractor did not directly
contribute to the release on the
Navy vessel, the contractor might
still be considered a responsible
party because CERCLA defines
“facility” broadly to include any
place where hazardous substances
have “come to be located.”
Therefore, as the owner and operator
of the shipyard facility at which
the release occurred, the contractor
could be a responsible party for
releases from the ship even if he
did not contribute to or cause that
release. 15\

The contractor could also claim
that he was not liable for the

14 / Section 120 of CERCLA expressly
provides that “each department,
agency and instrumentality of the
Unites States . . . shall be
subject to, and comply with, this
Act in the same manner and to the
same extent, both procedurally and
substantively, as any
nongovernmental entity, including
liability under section 107 of this
Act . Thus, the Navy would not have
a “sovereign immunity” defense to
CERCLA liability.

15 /   In such a case, the contractor
could also argue that a release from
the Navy “vessel” is not a release
from his “facility” since these two
terms are given equal and separate
status under section 107(a).



release because the release was due
to an unforeseeable act or omission
of a third party ( the Navy).
However, in order to make a
successful “third-party” defense,
the shipyard contractor would have
to demonstrate that the release from
the Navy vessel did not occur “in
connection with” the contract
between the shipyard and the Navy
and that the shipyard exercised due
care and took precautions against
the Navy’s foreseeable acts or
omissions causing the release.

If a release of hazardous
hastes generated during the course
of Snip repair on a Navy vessel
occurs on shore at the shipyard
facility the shipyard contractor
would clearly be a responsible party
as the owner and operator of the
facility. The Navy would also be
consitiered a responsible party if it
could he determined that the Navy
had “arranged for” the treatment,
transportation, or disposal of the
hazardoes wastes released.

Courts have broadly interpreted
the “arranged for” language in
section 107(a) as imparting
liability to any part; with the
authority to control tne handling
and disposal of hazardous
substances. even if that party did
not actually exercise its authority
or did not own or possess those
substances. United States v.
Northeastern Pharmaceutical and
Chemical Company, 810 F.2d 726 (8th
Cir. 1987) . Under common law
theories, if a shipyard contractor
was handling hazardous substances
generated during the course of ship
repair work pursuant to a contract
or agreement with the Navy, a court
could construe the Navy as having
the authority to control the
handling and disposal of those
substances. In such a case, the
Navy would be held to be a CERCIIA
responsible party over the wastes
even thouqh it was not the RCRA
generator of those wastes.

The full reach of CERCLA
liability is illustrated by a recent
case in which pesticide
manufacturers were held liable under
section 107(a)’s “arranged for”
language for releases which occurred
at the facility of a pesticide
formulator that processed the
manufacturers’ pesticides to produce
a commercial product. The court
found that the manufacturers
contracted with the formulator to
mix its materials for eventual sale
knowing that in the process certain

hazardous wastes were likely to be
produced. Because. the formulator
produced the waste for the
manufacturers’ “benefit and at their
direction,” the court found a
sufficient degree of control to hold
the manufacturers liable under
CERCLA for the cleanup of those
releases. U.S. v. Aceto
Agricultural Chemicals Corp., Nos.
88-1580 to 1583 (8th Cir. April 25,
1989) . Because of the contractual
relationship between the Navy and
the shipyard, liability for releases
of wastes which are derived directly
from ship systems or which are
otherwise under the control of the
Navy will likely be attributable to
the Navy as well as the contractor
even if the release is actually
caused by the contractor.

When a release of hazardous
substances generated during the
course of ship repair operations
occurs off-site either (i) on the
highway during the transportation of
the wastes or (ii) at a treatment,
storage or disposal facility, the 
owner or operator of the 
transportation vehicle, or of the
treatment, storage or disposal 
facility, would clearly be a
responsible party. In addition, the
shipyard contractor and/or the Navy
would also be a responsible party
for those wastes which it had
arranged by contract, agreement, or
otherwise to be transported, treated
or disposed. Once again, the
liability of the shipyard contractor
and\or the Navy would depend on the
authority or control those parties
exercised or could have exercised in
the selection of the transporter, or
the treatment, storage or disposal
facility.

Neither the shipyard contractor
nor the Navy could escape CERCLA
liability by arguing that they did
not select or even know about the
site at which their wastes were
disposed. Courts have consistently
interpreted CERCLA as imposing
strict liability on the party who
arranges for the disposal or
treatment of hazardous wastes
regardless of whether that party
selects the site at which the wastes
are subsequently dumped. United
States v. Ward, 618 F. Supp. 884,
895 (D.C.N.C. 1985) . The courts
recognize that a less strinaent
interpretation “would allow
generators to escape liability under
CERCLA by closing their eyes to the
method in which their hazardous
wastes were disposed of.” Id.
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Under these broad
constructions, even though the
shipyard contractor, as agent of the
Navy, makes the actual
transportation and disposal
arrangements, the Navy cannot escape
the potential liability which may
accrue if those wastes are
subsequently released into the
environment. The allocation of this
liability between the contractor and
the Navy may be resolved by contract
between the two parties or will be
decided by the court using
“equitable factors” in a subsequent
action for contribution.

CONCLUSION

The web of liability and
responsibility under RCRA and CERCLA
is both broad and complex. The
reach of these statutes is
deliberately far, with the intent of
maximizing the number of parties to
whom EPA can look for enforcement
and liability. However, the
statutes are not clear with regard
to the allocation of responsibility
and liability among  the various
parties within EPA’s web. In the
context of hazardous wastes produced
during ship repair activity in
private shipyards, these legal
responsibilities must be clearly
resolved by contract to insure that
all requirements of the law are met
in a full and fair manner. Although
such contractual provisions will not
affect either party’s liability to
EPA or a State under RCRA or CERCLA,
they will enable the parties to
fairly allocate between themselves
both the duties and costs associated
with the handling, treatment, and
proper disposal of these wastes.
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A Study of the Causes of Man-Hour
Variance of Naval Shipyard Work Standards
Howard M. Bunch, Member, UMTRI, University of Michigan, Ann Arbor, Ml

Abstract:

This paper is a presentation of the results of a
study conducted at a U.S. Navy shipyard during
1987 concerning the relationship between-

engineering standards and the variances that were
occurring in production budget and charged
manhours. The 10 engineering standards having
the greatest manhour variances were examined.
These standards, as a group, accounted for about 62
percent of the manhour variance that was reported
during the first nine months of 1987. The study
indicated that, with one exception, all of the
standards were “generic” in their application, i.e.,
they can be applied over a wide range of job
orders. The study also concluded that engineered
standards are only partially responsible for the
production variance.

Introduction

In 1985-86 there was an intensive management
analysis of U.S. Navy shipyard operations with the
objective of making specific recommendations that
would strengthen the operations of these activities.
The reportl indicated that inflated return costs lead
to misuse of shipyard resources and increased
costs. A sample of 38 key operations showed an
average variance2 of 41 percent over the standards
One of the specific elements identified as a
contributor to this problem was “estimates
derivation”.4

In 1987 the author, while on temporary
assignment at Philadelphia Naval Shipyard, was
asked to investigate the role of engineered (or pre-
determined) time standards as a contributor to the
workload variances that were occurring at that
yard. The request was partially the result of the
criticisms levied by the Navy shipyard operations
evaluation, cited above; however, Philadelphia
Naval Shipyard’s management had independently
arrived at a desire to investigate the link-up
between cost variance and engineered standards,
especially as it might affect their planned
implementation of zone-logic construction
concepts.6

This paper is a summary presentation of the
investigation that occurred, and includes the
conclusions and recommendations that were a part
of the report. Finally, there is an update of what
has actually occurred relative to the
recommendations in the 18 months since the
investigation was completed.
Engineered standards

At Philadelphia Naval Shipyard the engineered
standards are developed from the “Allowed” or
“Standard time (T), which is the combination of
“Work-Factor” time (W), plus an allowance factor
for personal, unavoidable delay, and fatigue (A):

T= W.A (1)

“’Work-Factor’ time represents the output
attainment capability of averaged experienced
operators, working with good skill and good effort
and without interruptions or delays; it is the
common denominator and index of output
capability (expected attainment) for the world
population of average experience operators.” 7

“Personal, fatigue and delay allowances is the
time allowed a worker to compensate for attending
to personal needs, for fatigue, and for delay
occurring due to conditions beyond his control.
This time is additive to the normal time required to
accomplish a job. The inclusion of this allowance is
common practice in the development of a labor
standard. . . .“8 The allowance factor will typically
have a range of 1.02 to 1.30.

The standard time (T) is further adjusted to
allow for non-productive or standby time. This
final calculation is performed by the planner and
estimator, and results in the “Standard Manhour
Allowance” (SMH), or sometimes called the
“Planning Standard” (PS). At Philadelphia Naval
Shipyard the term is called “Engineered Standard”;
this expression was the one used in this paper. Thus
the Engineered Standard (ES) is the time actually
assigned to a particular task, and includes the
standard time (T), plus allowances for non-process
(or non-productive) time (NT):

ES= T.NT (2)
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The Study Approach

The study plan was comprised of three phases:

1. analysis of the yard’s use of engineered
standards during 1987, isolating those that
had the largest occurrence of manhour
variance (both overall and by production
group);
2. development of a cause-effect diagram

that described the factors that can cause
production variance to occur; and evaluating
the effect of engineered standards on the
over-all work variance, and
3. suggestion of an action plan for

reducing production variance attributed to
engineered standards.

Analysis of Engineered Standards

As shown in Table 1, a total of 2,173,988
manhours was budgeted for assigned work on
22,334 key operations during the study period;
there was, however, a total of 2,846,717 manhours
expended to accomplish the assigned tasks. The
difference (or variance) between the two amounts
is 672,729 manhours, or a performance factor of
1.31.9 

The key operations were then linked to the
engineered standards used to develop the budgets
for each key operation; the standards were next
arrayed on the basis of the amount of variance
occurring on key operations associated with each
standard. The Top 10 standards, in terms of
amount of variance, are shown in descending order
in Table 1. Six standards accounted for over 50
percent of the variance; yet they were involved in
only 26 percent of the key operations (5,882 versus
22,334) The average key operation was budgeted
at 153 manhours, but required 210 manhours to
complete. The resulting performance factor was
1.38.

Table 1 continues the listing through the “Top
10“; the group accounted for nearly 62 percent of
the total reported variancc, even though it
accounted for only 38 percent of the total key
operations (8437 versus 22334). The average key
operation for the group was budgeted at 129
manhours, but required 178 manhours: the
perforrmance factor was 1.38. It should be noted,
also, that the "Top 10" standards were with one
exception, generic in nature, i.e., they were
designed to provide guidance for a broad
functional work activity. e.g., structural welding.

TABLE 1. THE “TOP 10” ENGINEERED STANDARDS HAVING THE
GREATEST MANHOUR VARIANCE AT PHILADELPHIA NAVAL
SHIPYARD-NINE MONTHS OF 1977.
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The exception was standard #587-914, dealing with
catapult launching equipment repair. But, even in
this case the key operation budgets were so large
(approximately 2500 manhours) that it too could be
considered as a generic standard.

The rest of the engineered standards beyond the
“Top 10” accounted for about 38 percent of the
total reported variance. The performance factor
for this group was 1.24, and the average work
order was budgeted at 76 manhours, but required
97 manhours.

The relationships between key operation size
and the performance factors for the engineered 
standards are shown in Figures 1 and 2. A least-
squares fit of the data for nine of the top ten
standards 10 indicates a slight upward movement in
the performance factor for those engineered
standards with larger budgeted manhours per work
order, depicted in Figure 1. The wide scatter in the
data (confirmed by R = .12) suggests, however, 
that budgeted manhours is not the major variable
affecting the performance factor. Or, at least,
there is a weak linear relationship between the two
variables.

, .

H JOB (BUDG M/H)

PERF FACTOR

FIGURE 1 KEY OPERATIONS AVERAGE JOB BUDGET
MANHOURS FOR VARIOUS ENGINEERED STANDARDS.
PHILADELPHIA NAVAL SHIPYARD-NINE MONTHS OF 1977.

M/H)

PERF FACTOR

FIGURE II. KEY OPERATIONS AVERAGE APPLIED MANHOURS
FOR VARIOUS ENGINEERED STANDARDS. PHILADELPHIA NAVAL
SHIPYARD-NINE MONTHS OF 1977.
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Figure 2 plots the relationship between the
performance factor and the actual manhours
required to complete the key operation. In this
case, there is a significant increase in the
performance factor as the amount of manhours
required to complete the job increases. Too, the
strength of the relationship increases, as evidenced
by the higher “R” statistic.

There were three conclusions from this portion
of the analysis:

1. Engineered Standards that produce
larger manhour allocations for a work
assignment tend to result in larger
performance factors.
2.  A common characteristic of those

standard producing the greatest manhour
variance (i.e., the “Top 10”) was that they
were generic in scope, i.e., the standards
consisted of general descriptions of tasks and
associated manhours, and the planner was
required to construct the specific work
assignment budge: by referring to the
general data tables in the standard; and
3. Consistent with the situation in many

cause-effect analyses, a significant amount of
the total production manhour variance could
be linked to a few engineered standards.
(This was an example of the “significant few
versus the the trivial many” phenomena.)

The study was expanded to examine the
relationship between the performance factors of
specific production unit key operations and their
link-up with engineered standards.

Figure III presents the key operations
performance factors during the study period for
each of the production units; the range was from a
low of 1.10 (for the production services group) to
a high of 1.58 (for the mechanical machinery
group). The figure shows that the production
groups can be divided into two classifications:
those groups whose performance factor is below
the average (the Production Services Group. Pipe
Boiler Group, and the Electrical Group), and the
groups whose performance is above the average
(Mechanical Machinery Group and the Structural
Group).

An attempt was then made to see if there was
any clear link-up between the below- and above-
average clusters, and their involvement in the “top-
10” standards. To do this, an examination was
made of standards most associated with high
variances in each of the production shops of each
group. The “Top 5“ standards in each shop were
examined. Table 2 shows the reults of this
analysis, with the groups with above-average
performance factor (as shown in Table 1) being
displayed above the dashed line. The analysis gave
mixed results. The data indicated that the

Performance Factor

FIGURE III. PRODUCTION PERFORMANCE
PRODUCTION GROUPS.

FACTOR FOR
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TABLE 2. RELATIONSHIP OF ‘TOP
PRODUCTION GROUP PERFORMANCE.

10 STANDARDS UPON

Structural Group’s greatest amount of variance
was associated with those standards in the
shipyard’s “Top 10”. The other above-average
production group, Mechanical and Machinery
Group, did not have the same association. Only
about 23 percent of its variance was associated with
the “Top 10”.

The same inconsistency occurred in the below-
average groups. The Pipe and Boiler Group had
an extremely strong link-up with the “Top 10”; the
Electrical Group had moderate link-up, and the
Production Service Group had about 18 percent
link-up.

Table 2 does reveal, however, how much the
performance factor for the groups, and for the
entire shipyard, would be reduced if the variance
for the Top 10 standards were eliminated. For the
entire shipyard the improvement factor would be
reduced from 1.31 (indicated in Table 1) to 1.23
an improvement of eight points, or about a 415
thousand manhour reduction.

This portion of the analysis resulted in the
following conclusions:

1. Eliminating the variance in the “Top
10” standards would result in significant
reductions in manhour overruns;
2. While there are major differences in

the performance factors for the production
groups, the variances associated with the
“Top 10” standards affect all of the
production groups. However, the Structural
Group would show the greatest
improvement if the variance for the “Top
10" were eliminated.

Analysis of Cause-Effect Relationship for
Production Variance

Cause-and-effect diagrams are drawn to
illustrate the various causes affecting a result by
sorting out and relating the causes. The cause-and- 
effect diagram, sometimes called an “Ishikawa
diagram” after the Japanese professor that first
used the concept, can be applied to any problem. It
was applied to this problem because of the need to
better understand all of the factors that can affect
production variance.

Figure IV is a cause-and-effect diagram that
shows some of the causes that can effect production
variance. During preparation of the chart several
interviews were held with production, planning,
and industrial engineering personnel at
Philadelphia Naval Shipyard11 The figure
includes the comments of those interviewed as to
the more significant reasons for production
variance.

In making the chart the following steps were
followed:

Step 1: Decided upon the effect 
characteristic to be evaluated. In this case,
the effect statement was: “the difference in
allowed versus expended manhour budgets.”
Step 2: Wrote the effect characteristic on

the right side of the chart. Then drew a
broad arrow from the left side to the right
side.
Step 3: Wrote the main factors causing the

effect, directing a branch effort for each
factor to the main arrow. The causal factors
were grouped into four main categories:
equipment (machines and tools), procedures
(processing actions), policies (management
or organizational guidelines), and people
(training, attitude, behavior).
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step 4: Wrote in the detailed factors
relating to the main factors. The
subdivisions of the detailed “factors are
shown as connecting twigs.
Step 5: Indicated with an asterisk the

detailed factors that are in some way related
to engineered standards.

Figure IV dramatically illustrates the variety of
factors affecting production variance in the
shipyard. Importantly, any one of the Factors
could, in any specific situation, be the major cause
for a project overrun (or production variance).

An asterisk (*) is attached to those causes that
are related to engineered standards. Importantly,
standards-related causes for production variance
account for only a few of the total possibilities.
On the Policies branch of the diagram, for
example, “unclear instructions” can lead to an
engineered standard that is incorrect, or might be
improperly applied.

The other instances where cause-linkup occurs
with an engineered standard are in the Procedures

branch of the diagram. The causes are “wrong
assumptions,” “not clear,” “calculations incorrect,”
and “antiquated procedures.” With respect to the
last item, it was estimated in one interview that at
least 40 percent of the standards are antiquated at
any moment in time.l2 Additionaly a percentage
of the procedures are not covered by engineered
standards: one estimate was that about 70-80
percent of the production manhour budgets are
developed from engineered or estimated
standards. 13 14

At the beginning of the interviews most
interviewees expressed the opinion that engineered
standards were major causes of production
variance. When the interviewees were shown a
cause-effect diagram, similar to that displayed in
Figure IV, they then acknowledged that other
causes were probably more significant, and that the
standards-variance link-up was not as strong as
originally surmised. One especially knowledgeable
interviewee, a person who has been involved in
several shipyard reviews of production variance,
felt that “poor communication” among people was
the greatest single contributor to production

FIGURE IV. CAUSE-EFFECT DIAGRAM OF DIFFERENCES IN
ALLOWED VERSUS EXPENDED PRODUCTION MANHOURS AT
PHILADELPIA  NAVAL SHIPYARD.
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The conclusions of this phase of the analysis
were:

1. The causes for production manhour
variance are numerous, and those related to
engineered standards are in the minority.
2. Antiquation is the major deficiency of

engineered standards relative to production
variance. About 40 percent of the standards
are antiquated relative to current practice, at
any specifc point in time.
3. Causes linked to engineered standards

are not as significant a factor in production
variance as is generally surmised by some
shipyard management.

The decision was made by Philadelphia
Shipyard management to adjust their priorities of
updating specific engineered standards; the
standards Iisted in the “Top 10“ were moved up in
the time schedule for reconsideration. Table 3
describes the changes in priority that were made.
The table also shows the status of those
commitments for change as of June 1, 1989--some
22 months after the decision to proceed.

As a result of the investigation, and
recommendations, the shipyard did take action to
effect improvements in the relationship of
engineered standards to production variance.
While the study also highlighted the fact that
engineered standards are not the major cause of
production variance, the significance of the
standards-variance relationship was sufficiently
strong to warrant proceeding with an improvement
effort. Importantly, the investigation gave
guidance as to those standards which should be
given the greatest priority in being reevaluated. 15

Action Plan for Reducing Production Variance
Attributed to Engineered Standards

It was decided to focus attention on reducing the
variance associated with the “Top 10” standards,
listed in Table 1, shown earlier.

TABLE 3. CHANGES MADE IN THE SCHEDULE FOR
REEVALUATION OF THE “TOP 10” ENGINEERED STANDARDS
AFTER BEING IDENTIFIED TO SHIPYARD MANAGEMENT.

15-7



As can be seen in examination of Table 3,
several of the “Top 10“ standards were evaluated
and put into the shipyard’s system in 1988. It is
expected that it will be at least two years before
sufficient data is avilable to determine whether
production variance reductions have occurred as a
result of these reevaluations. Current management
is of the opinion, however, that reductions will
occur. Additionally, the management is now
consistently giving high priority for reevaluation
to any standard that is shown to have links to those
key operations that have high production
variance. 17
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ABSTRACT

AS part of an SP-4 project, a com-
puter program was developed to produce
integrated schedules for drawing
development of drawings and equipment
procurement. The program also can used
either to develop a schedule for the
fabrication and assembly stages of the
construction process or to receive data
from an existing construction schedule.
In either case, the construction data
is used to ensure that drawings are
produced and equipment is purchased in
time to support production planning.
The program uses a commonly available
database program, is suitable for use
on a minicomputer and will allow a net-
work of terminals to be used to enter
data and obtain reports.

This paper reports on the results
of applying this scheduling program to
a simulated shipbuilding program and
highlights a number of significant
results. The principal result was to
clearly demonstrate that planning for
the purchase of equipment must take
into account the needs of the ship
design process for data about the
equipment being procured.

NOMENCLATURE

Because the program described
herein was developed for application to
modern, modular (zone-oriented) ship
construction programs,  and because the
terminology used for such programs
varies so greatly among shapyards, it
is necessary to define each of the fol-
lowing terms. Readers should be able
to make the mental transformation to
the terminology used in their own
shipyard or in other literature, given
these definitions.

Unit The basic modular struc-
tural element used to construct a ship.
With some exceptions, a unit is the
first modular level at which outfitting
is accomplished.

Outfitting_ - The installation of
system elements into a unit or combina-
tion of units.

Block - A combination of several
units, assembled together and outfitted
prior to erection at the final building
site.

Sub-Assembly - Combinations of
parts which may be joined with other
sub-assemblies or parts to construct
units.

Machinerv Package - A collection
of equipment, foundations, piping,
electrical fixtures, wiring, gauges,
etc. , which is constructed as an en-
tity, pretested whenever possible, and
loaded into a unit, a block or on-board
the ship during erection. Effective
design  and use of these construction
elements has greatly increased produc-
tivity as well as  equipment operability
and maintainability.

BACKGROUND

One of the major  efforts in l c-
complishing a shipbuilding program is
to buy the equipment used to build the
ship. This procurement  effort is con-
trolled through a document usually
identified as the Material Ordering
Schedule (MOS). The principal elements
of the MOS are a listing of  every type
of equipment which must be procured and
the date by which  each must be received
in the shipyard in order to meet the
construction schedule.

The length of time between the day
on which an item is ordered and the day
on which the vendor can have it
delivered to the shipyard is known l s
the equipment’s “lead time”. When this
duration has been determined, it is
possible to compute the date by which
the equipment must be ordered, or the
Purchase Order Award Date (POA).
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The POA date determined in the
manner described above completely ig-
nores the design process. But the
equipment procurement process and the
design process are inseparably linked.
During the early stages of the design
of each of the ship’s systems, the
designer must define the performance
requirements of every piece of equip-
ment in the system for which he or she
iS responsible. Thus information must
be known before it can be provided to
prospective vendors for preparation of
their offers to the shipyard.

The design process, on the other
hand, cannot be completed until after
the equipment vendor provides

(a) Performance Data, describ-
ing the actal performance of the
equipment being provided, and

(b) Configuration Data, provid-
ing the exact dimensions of the equip-
ment.

Although the shipyards Request
for Proposal (RFP) to the vendor will
have defined minimum performance
characteristics to be met by the equip-

ment, the actual performance provided
by the available equipment can be quite
different. In such cases it is neces-
sary for the system designer to review
the design and, if necessary, make
changes. Similarly, the configuration
of the finally selected equipment may
vary from that which was assumed during
the earlier design 0stages.

Consequently, the design of sys-
tems cannot be considered complete un-
til all of the detailed performance and
configuration data have been received
from the equipment vendor and the ef-
fect of any significant variations in-
corporated in the final drawings used
to construct the ship.

Thus it will be seen that the POA
cannot (should not, at least) take
place before the equipment requirements
are defined and the vendor has given
adequate assurance that the performance
and configuration requirements can and
will be met. However, in the descrip-
tion, provided above, of how the re-
quired POA date is normally estab-
lished, there was no consideration of
the information needs of the design
process.

The purpose of the task authorized
by Panel SP-4 was to identify the in-
formation flow requirements that link
the ship system design and equipment
procurement processes, and to determine
the interfaces between the two which
control the scheduling of each. it was
understood before starting the project
that it should be possible to determine
the lead time for equipment data and

the date by which that data would be
required by the design process. with
these data it would be possible to
identfy the POA date necessary to meet
the design process's information needs.

Experience had made it clear that
the POA date for equipment design in-
formation (software) is almost always
earlier than the POA date determined
from considerations of the hardware
delivery. The goal of this study was
to more specifically quantify the in-
formation flow interfaces, i.e. what
data is required for the equipment or-
dering process from the design process,
what information from the equipment
procurement process is needed by the
design process, and what are the points
in each of these processes that the
data must be known. It was recognized
that, with this information, it would
then be possible to develop integrated
schedules for drawing development and
for equipment procurement.

STUDY APPROACH

General

For the purposes of this study,
the overall shipbuilding process was
considered to be composed of three dif-
ferent, major processes - the
design/drawing process, the equipment
procurement process and the construc-
tion process. To conduct the study, it
was useful to construct a process model
of each, with all of their activities
identified. Figure 1 illustrates the
primary elements of the three process
models that were used.

Design Process Model

The study identified three of the
major elements of the overall
design/drawing process to be involved
in information interfaces with the
other processes.

The first of these is the System
Diagram Design Stage, during which sys-
tem diagrams are developed. The second
is the Composite Drawing Stage, during
which all of the individual systems
drawings are integrated into composites
for various spaces in the ship. The
third is the Construction Drawing
Stage, when the Assembly/Installation
and Part Fabrication Drawings are
produced.

Svstem Diagram Design Stage.
This stage was further broken down into
four activities, which were identified
as Phase One, Phase Two, Phase Three
and the Calculation Phase. As il-
lustrated in Figure 2, Phase One
precedes the Calculation Phase, Phase
Two follows the Calculation Phase, and
Phase Three follows Phase TWO.
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A Phase Three effort has been
defined, because Diagrams are required
to include tables which define the
details of every piece of material and
equipment which is used in the system,
including manufacturer’s names, model
numbers, etc. These data are not re-
quired for design development, so can
be  added to the diagram after the rest
of the diagram design process is com-
plete.

Composite Drawing Stage. The Com-
posite Drawing, often called an Inter-
ference Control Drawing, is a drawing
showing the detailed layout of all sys-
tems in a ship or in a part of a ship.
Composites in the past usually have
been limited to coverage of specific
areas in the ship, where there are many
systems installed in limited volume,
such as a machinery space, . For ship-
building programs which apply modern,
unit-oriented construction techniques,
composites normally cover the entire
ship. The use of computers for
developing composites is now quite com-
mon in larger shipyards.

Because the composite includes all
systems, it cannot be considered com-
plete until the design Of all in-

dividual ship systems are finished.
For unit-oriented programs, it is es-
sential that the composite drawing be
carefully oriented to the unit break-
down of the ship construction process.
In developing schedules, the schedule
for completing of the composite for
each unit must be considered.

Although the Assembly/Installation
(A/I) drawings for a unit may be
started before the unit’s composite
drawing is completely finished, the
composite should be virtually complete
to minimize the likelihood of having to
waste manhours making changes to the
A/I drawings to reflect last minute
changes to the composite.

Construction Drawing Stage. As
previously indicated, two types of
drawing are produced during this stage.
The Fabrication Drawings give produc-

tion personnel all the information
necessary for them to construct the
parts which make up a system. These
include the details for every piece of
plate which is cut, every structural
member which must later be welded to
others, for every section of piping and
fittings which must be fabricated, all
ducting, wireways, etc., etc., etc. In
the preferred modern construction prac-

tice, all parts related to a particular
construction trade will be included in
a drawing which relates to a single
unit or block. Thus, for instance, all
piping systems for one unit will be
shown in one unit piping fabrication
drawing package.

Similarly, a separate A/I drawing
will be provided for each system-type
in a unit or block. This drawing will
show the dimensional details necessary
to allow the production personnel to
properly install all parts of the sys-
tems for which their trade is respon-
sible in that part of the ship.

Actually, although the Fabrication
Drawing is the first document to be
used by the production personnel, it
cannot be started until the Installa-
tion Drawing has been at least par-
tially developed. The layout of a sys-
tem on the Installation Drawing will
determine where bends in a piping, ven-

tilation or wireway system must be
made, where support must be provided;
etc.

On the other hand, the Installa-
tion Drawing cannot be considered com-
plete until the Fabrication Drawing is
complete, because fabrication con-
siderations may make it necessary to
make changes to the way the system is
to be installed.

Equipment Procurement Process Model

General - The first steps in the
equipment procurement process take
place during the time that the shipyard
is preparing its bid to build the ships
in the prospective program. The con-
tract design package provided by the
owner will identify all major equipment
requirements to the extent that they
have been identified through the con-
tract design stage. Each shipyard will
contact equipment vendors for informa-
tion concerning their equipment. The
pricing and delivery information
received as a result of these contacts
will be used by the shipyard in its
planning and cost estimating efforts
for its proposal to the owner.

If an adequate Job of identifying
its total ultimate requirements for
data as well as hardware is done by the
shipyard at this time, and if the
shipyard receives good descriptions of
the performance and configuration of
the equipment as a result of this pre-
award effort, the shipyards post-award
design efforts will be simplified
greatly.

Nevertheless, after award , the
shipyard must recheck every element of
the ship design, making its own deter-
mination of the performance require-
ments for each equipment.

Post-Award Activities - Final ef-
forts for equipment procurement nor-
mally are delayed until the equipment’s
performance requirements have been
finally established during the system
calculation phase of the Drawing
Process.
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The first steps in the equipment
procurement process include the
preparation of the Equipment Technical
Specifications, which define the per-
formance requirements which must be met
by the equipment being purchased. The
preparation of the remaining portions
of the RFP may go on in parallel with
preparation of the Technical
Specifications, since the two efforts
are normally accomplished by two dif-
ferent organizations in the shipyard.

After the successful offeror has
been selected, he must provide the
shipyard with a number of different
types of data in addition to delivering
the hardware. For the purposes of es-
tablishing the interfaces between the
drawing development and  equipment
procurement processes, it was found un-
necessary to include Integrated Logis-
tics Systems (ILS) data,  although
tracking the delivery of the several
different ILS deliverables is, of
course, vital to the ability to deliver
a completed ship on time.

Figure 3 illustrates the post-
award activities which were determined
to be controlling in the development of
schedules for the equipment procure-
ment process  and i t s  i n t e r f a c e s  w i t h
the other processes involved.

Interfaces

. Requirements. The first interface be-
tween the equipment procurement process
 and that of drawing development is the
definition, by the shipyard designers,
of the performance, configuration, data
and any other requirements that the
equipment vendor must satisfy. This
information should be included in the
RFP sent to all prospective vendors.

RFP Response. If the RFP as properly
prepared, that is, if it asks for a
complete description of the vendor’s
predictions of the equipment’s perfor-
mance characteristics and configura-
tion, this information can be effec-

 tively used by the system designers.
It not only will allow selection of the
most desirable piece of equipment, but
it also will allow the designer to

proceed confidently with the system
design.

This information is easily
provided when the equipment in question
is  already in production. However, if
the requirement is for a piece of
developmental hardware, the data
provided by prospective vendors neces-
sarily will be more suspect and will
require validation after ● ward.

Performance Data. The first data that
is needed from the selected equipment 
vendor is his prediction of the
equipment’s performance characteris-
tics. Phase Two of the System Design
Stage cannot be considered complete un-
til this information has been obtained
for  every piece of equipment in the
system.

In the best case this performance
data submittal can be  a restatement of
what was submitted with the vendor-s
proposal,  and should be available
within days after POA.

In the case of developmental
 equipment, the vendor should be  able
within a few weeks to provide the
shipyard with the actual performance
criteria that are being used in their
design efforts, which may for some
reason differ from the RFP require-
ments. Although the actual performance
results for developmental equipment
will not be definitely  established un-

til the production  equipment has been
built and tested, the design and con-
struction of the ship must proceed on
the assumption that the predicted per-

formance (which must meet or exceed the
required performance) will be obtained.

configuration Data. Information
about the exact geometric details of an
equipment is needed for the Composite
Drawing Phase. As in the case of per-

formance data, this data should be
available from the vendor immediately
except in the case of developmental
hardware. Actual configuration data
for developmental  equipment will be
available as soon as the final drawings
for the equipment's fabrication  are
complete.
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Approval for Manufacture. In the
case of developmental equipment, it is
not uncommon for the shipyard to insist
that the vendor not start the actual
production effort on the equipment
without the shipyard’s prior approval.
The shipyard may be required to obtain
the owner -s approval before any
manufacturing costs are accrued on the
equipment. (411 such review and ap-
proval efforts must be considered in
the planning and scheduling processes
to preclude unexpected shipbuilding
delays.

Difficulties in obtaining approval
for manufacture may result in equipment
design changes. If there are resulting
performance changes, the system diagram
may have to be revised. If there are
configuration changes, the composite
drawings for all units in which that
equipment is installed may have to be
changed. If equipment production is
d e l a y e d , t h e  e n t i r e s h i p b u i l d i n g  s e -
q u e n c e  m a y  b e  a d v e r s e l y  a f f e c t e d .

Thus , good management of the
manufacturing approval activity is es-
sential to the productivity of the en-
tire shipbuilding process.

Hardware Delivery. The final interface
with the shipyard, as far as this study
was concerned, is the delivery of the
tested hardware. The need and
availability of vendor data and person-
nel for the final on-board testing  and
operation of the equipment is recog-
nized, but does not influence the draw-
ing development or equipment procure-
ment processes.

Construction Process Model

Construction Stages - In modern ship-
building practice each unit goes
through several stages of construction.
Most units proceed through a sequence
of stages which include

( A ) Structural Fabrication,
when structural pieces are cut out and
built into structural subassemblies. 

(B) Structural Assembly, when
subassemblies are joined into the com-
plete unit. Some outfitting of subas-
semblies may be accomplished during
this stage. FOr instance, parts of
various systems may be installed on a
deck section before the deck section is
joined to the rest of a unit.

( C )  P r e - P a i n t  O u t f i t t i n g ,  w h e n
additional system parts are installed
on the as-built unit before the unit is
blasted and painted.

(D) Post-Paint Outfitting,
when those items which could be damaged
by blasting are installed.

(E) In addition~ machinery
packages must be built. These go
through most of the construction ac-
tivities of the stages described above,
but , for machinery package scheduling,
the total effort may be considered a
single stage. Machinery packages may be
installed during any of the outfitting
stages.

SCHEDULING CONSIDERATIONS

General

After evaluating the total infor-
mation flow requirements that enmesh
the three processes described above, it
became clear that the completion date
of the system calculations was a criti-
cal date for the entire process. But
that date is controlled by any one of
four other conditions. Figure 4 is a
simplified illustration of how the
various processes tie together.

S y s t e m  P a t h  C o n d i t i o n

The first condition to be con-
sidered is that which would exist even
if no equipment were required by a sys-
tem, that is, if the entire system
could be assembled using stock material
that already existed in the shipyard
storage facilities. This case is indi-
cated in Figure 4 by the path A-A1-B-C.

This path illustrates that the
System Diagram Phase Two must be com-
pleted before the composite drawing for
any unit in which the system is located
can be completed. Conversely, it shows
that the earliest required UCD comple-
tion date (point C, which hereafter
will be referred to as the System
C-Date ) will establish the required
completion date for the Phase Two ef-
fort (point B), which in turn will es-
tablish Al. Al is one possible re-
quired completion date for the System
Calculation (point A).

It should be noted that the tech-
nique for determining the system C-Date
is itself quite involved,  and will not
be discussed further herein. A full
description is provided in Reference 1.

Equipment Related Paths

General. Once a piece of equip-
ment is required, three other poten-
tially controlling paths exist. Note
that when more than one type of equip-
ment must be procured for a system, all
three paths must be investigated for
e v e r y  t y p e .

Performance Data Path. As noted
earlier, equipment performance data
(PD) is required in order to complete
the Phase Two Diagram effort. Thus the
time frame between the finish of system
calculations and the receipt of the PD
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This may require System 2’s calcula-
tions to complete earlier than if sys-
tem 2 were an independent system.

The Dependent System A-Date is the
final , controlling date for the system
design effort.

COMPUTER PROGRAM

General

Having developed an information
flow logic that was supposed to support
development of integrated schedules,
the next logical step was to use that
information and develop the integrated
schedules. To do so, two types of com-
puter application programs were con-
sidered, a networking program and a
relational data base program. Both
types of program are available from
several sources. Furthermore, applica-
tions of both types suitable for
micro-computers, or PC'S, are avail-
able, as well as applications for mini-
and main-frame computers. Because of
the presumed greater accessibility of
PC’S, and thus greater potential
utility of a program which could be run
on them, PC applications were examined
first. Of the programs investigated,
the database program was found to be
simpler to use. Thus , the integrated
scheduling program was developed on
that system. The PC application was
found to be fully capable of meeting
the system requirements.

No attempt was made to try other
available database programs or to util-
ize programs for larger computers. The
information provided by the study ef-
fort serves only to demonstrate that
one workable solution exists and to
provide the information necessary for
successful implementation of that solu-
tion. Any shipyard having an installed
relational database system should be
able to develop its own scheduling
programs using the data provided in
Reference 1.

General. The relational database
application program that has been used
for this project is R:BASE FOR DOS, a
product of MICRORIM. The basic ele-
ments of this program are Tables,
Forms, Reports and the specific Ap-
plication program that controls the
operation of the system.

Tables. The Tables are used to
store data. They can be considered as
a matrix structure, with each row con-
taining several columns of data.

Forms. The Forms element is an
internal system which is used by the
programmer to set up the appearance of

the computer screens used by those who
will enter the data that will be stored
In the Tables.

Reports. The Reports element is
another Internal system that a program-
mer may use to develop the format for
any and all reports which are to be ob-
tained from the system.

Application Programs. By running
various specific Application programs,
operators may perform different func-
tions, such as entering data into the
database, modifying the data which has
previously been entered, reviewing the
data, or printing out the data in
various formats. When using such an
application program, the user is
presented with a series of “menus” on
the screen, from which the desired ac-
tions may be selected. This feature
makes use of this system extremely easy
and minimizes operator training ef-
forts.

Specific Application P r o g r a m

General. The specific application
program that was developed during the
study effort facilitates initial entry
of all data concerning a ship’s sys-
tems, equipment, and construction
schedule.

All such data can then be modified
as necessary whenever required. The
program will do the calculations neces-
sary to determine the early and late
start and finish dates for each ac-
tivity in the drawing development and
equipment procurement processes.

Entry of the current estimated
and/or actual start or completion dates
of all controlling activities is then
required. Thus, all the data necessary
for producing printed reports of draw-
ing and equipment schedules is
developed by or entered into the
database program.

By making appropriate selections
from the options provided on the
monitor screen, any desired report may
be produced. The reports may be gener-

ated in whatever sorting sequence is
preferred by the yard’s data managers.

In addition, the program allows
the current content of any of the
database’s Tables to be reviewed on the
screen or printed out, a convenience
for analyzing what combination of fac-
tors is controlling any scheduled date
or for troubleshooting should any dates
appear to be invalid.

computer Capability Required
The Relational Database System that has
been used to develop the programs
demonstrated herein is R:BASE FOR DOS,
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available from MICRORIM. The full
R:BASE FOR DOS 5.25 inch disk version
of the program requires PC-DOS 2.0 or
higher, 512K of main memory, a hard
disk drive and one 5.25 floppy disk
drive. plus a monitor. The 3.5 inch
disk version requires PC-DOS 3.2 or
higher for various versions. The 5.25
inch disk version was used for the sub-
ject application and all further dis-
cussion will be directed to that ver-
sion.

The scheduling application program
has been developed on an AT-clone with
512K of main memory  and a 20 MB hard
disk. It has not been prepared for
network use, but this option is avail
able with R:BASE FOR DOS and is con-
sidered a logical and desirable next
step .

Approximately 4 megabytes of disc
storage are required for installation
of the full R:BASE FOR DOS product, al-
though only about 2 megabytes are re-
quired for those elements of the
program that are needed for this
scheduling application.

The storage requirements for the
scheduling application program and as-

sociated data will vary depending upon
the amount of data stored. The re-
quirements for a project which involves
125 different system diagrams, 1000
different items of equipment, 150 dif-
ferent units with an average of six
system types per unit, where each sys-
tem is installed in
units, is slightly
lowance of a total
any likely growth.

Using the Program

General -
paragraphs provide

an average of ten
over 1 MB. An al-
of 2MB should cover

The following
a brief description

of how the program can be used and what
it will provide. A more detailed
description of the basic elements of
the scheduling program is provided in
Reference 1.

Operation - There are at least three
fairly different modes of operating the
system, and it will probably be
desirable to have different personnel
available for performing these differ-
ing functions.

The first involves managing the
system itself; making modifications to

the program as necessary to change the
menu screen formats, to change the data
entry or edit screen formats or to
change the output report formats to
suit varying requirements of different
shipyards or different shipbuilding
programs. This would be best aC-
complished by a single individual who
will have to become familiar With the
use of the R:BASE FOR DOS system and of
the specific application program which
has been developed. None of the ocher
operators will need any understanding
of computer programming.

The second operating mode involves
entering the initial data and editing
or updating that data. Ideally, ini-
tial data entry would be a one time ef-
fort, and in the vast majority of cases
should be. Once a system or equipment
and its supporting data, such ,as
scheduled duration for the various ac-
tivities relating to that system or
equipment, are entered, it should not
be necessary to make changes. to those
data. The values for these data should
be determined by middle level managers,
who could enter the data directly at
their own keyboards, rather this having
to write out the information for entry 
by others.

The third operating mode relates
to the continual updating of current
and actual dates for each. of the ac-
tivities being tracked~ and penerating
periodic schedule reports for various
levels of management. Normally the in-
put for these data will come from
middle managers who will have marked up
previous versions of schedule reports.
It is probable that clerical personnel
will be used to enter these data and
produce the resultant reports.

Screens - The use of the program
involves use of three types of
“screens”, or images which appear on
the monitor v for the operator
guidance.

Menu Screens - The first of the
screen types provides the operator with
a listing of choices of action. Selec-
tion of one of the options, which ap-
pear in a numbered vertical arrange-
ment, as shown in Figure 5AT is made by
entering the number of the desired
choice. This choice may cause another
menu screen to appear, giving the next
logical series of choices. For ex-
amplef selection of choice (1) from
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Figure 5A, will cause the next menu ,
Figure 5B. to appear. Selection of
choice (1) from Figure 5B, “Print
Schedule Reports”, will bring up the
Schedule Reports Menu, shown an Figure
5C . Selection of one of these choices
will yield a printout of the desires
report.

Data Entry Screens - The second
screen type is for data entry.
Separate data entry screens are
provided for entering data for dif-

ferent purposes. An example is given
in Figure 6A, which is the form
provided for an operator to enter the
initial estimates for current scheduled
dates. The operator is led to enter a
system symbol by having an area of the
screen (just above “Early”) h i g h -
lighted.

As soon as the system symbol is
entered from the keyboard, the program
fills in the fields for the early and
late scheduled dates, which have been
calculated by the program and stored in
their associated tables. Figure 6B
shows how the screen appears after the
system symbol, in this case “AF" for
the AFFF system, has been filled in.
The early and late scheduled dates are
provided as ● n aid to the manager or
operator in the initial selection of
current dates.

Editing Screen - The third screen
type, one of which is shown in Figure
6C , is provided for ease in making
changes to information stored in the
database tables. These data editing
screens allow the operator to scan the
data which exists in any chosen table
and to change any data element in that

table. The example snown as very
simalar to Figure 6B, but Figure 6C
shows all current scheduled anti actual
date data that has been entered into
the table and shows. it for two drawings
at a time. The operator can modify
only the current scheduled and actual
fields in this particular screen, since
all the other fields contain calculated
data. Other editing screens must be
used for modifying the data which are
used for generating the calculated
dates.

O u t p u t  A s p r e v i o u s l y noted,
there are two types of reports genera-
ted by the program. All reports can be
previewed on the monitor before print-
ing, if desired.

(a) Schedule Reports - One
type of report provides the schedules
which are the primary reason for this
whole effort. These reports show early
and late scheduled start and finish
dates, current estimated dates and any
actual milestone completion dates.
Separate reports are generated for the
development of each type of drawing,
i.e., for diagrams y unit composite
drawings and installation and fabrica-
tion drawings, as well as for the
equipment ordering schedule. Excerpts
from a page of each of these report
types are included as Figures 7, 8, 9,
and 16.
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Figure 8 contains data for the
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(b) Tabular Data Reports -
The other type of report provides the
contents of individual tables of the
database. This type of report will be
of primary interest to the Scheduling
Program Manager because it allows
analysis of any results which seem un-
usual. Figure 11 is an example. It
shows the content of the rows of the
System Data Table. This table contains
the system diagram identifiers, the
diagram numbers, the durations of the
four diagram phases and the various
dates which control scheduling of the
drawings listed in this table. all of
these data are stored in this table,
even though the dates come from the
results of calculations, rather than
from direct entry by operators.

ANALYSIS OF RESULTS

General

Analysis of the results of the
data and calculations can only be ac-
complished by review of the data stored
in the database tables. There are a
total of 12 tables in the current
database, of which only five need be
discussed here.

System Data Table

Durations - 9s previously noted,
Figure 11 illustrates the report which
shows the data stored in the System
Data Table. These data include the
durations of each diagram phase, in
weeks, which are entered manually as
initial system data.

Dates - The minimum system
C-Date, listed under “MNSYSCDA”, is the
earliest of the Unit C-Dates of all the
Units that the system is installed in.
This data is obtained from the System-
Unit Combination Table, a page of which

is shown in Figure 12, sorted by system
and Unit C-Date. It can be verified by
observation that the computer program
has properly identified the earliest of
the Unit C-dates for a system and
stored it in the System Data Table.

The Diagram A-Date, “DIAGADAY”, is
the date by which the system calcula-
tions would have to be complete if the
Phase Two diagram duration were to con-
trol meeting the System C-Date. This
compares with date Al in Figure 3.

The Minimum Equipment A-Date,
“MNEQADAY”, is the earliest of the
Equipment controlled A-dates; that is,
the earliest of dates A2, A3 or A4 in
Figure 3. This date is obtained from
the Equipment Data Table, l s will be
described later.

The Minimum Independent A-Date,
“MNINDADA”, is the earlier of the two
preceding A-Dates. In every case
shown, the Equipment A-Date is control-
ling.

This does not, however, mean that
the hardware delivery date is the con-
trolling date for that equipment, as
will be shown by review of the contents
of the Equipment Data Table.

The Minimum Dependent A-Date,
“MNDEPADA”, is the date by which the
system calculations must be complete in
order to provide necessary data to
another system, so that the other
system’s calculations will complete on
schedule. This date is calculated from
the System Dependency Table, as
described in the next section.

Finally, the System A-Date,
“SYSTADAY”, is the earlier of the two
preceding dates. This is the control-
ling date for the system, and estab-
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Figure 12. Table Data Report - System-Unit Combination Table

Figure 13. Table Data Report - System Dependency Data Table

lishes when the system calculations
must be complete. This date provides
the basis for all of the scheduling
programs produced by this program.

System Dependencvy Table

The contents of the System Depend-
ency Table are shown in Figure 13. The
only systems included in this table are
those which are dependent upon services
provided from another system. The de-
pendent system is the "User" system,
listed in the first column. The system
which provides services is  listed
either in the provider column or in the
“Driver” system column. When a system
is shown as a  driver, it means that
there is a multiple dependency.

For instance, the AFFF system, AF,
receives services from the Firemain,
FM. But the Firemain receives services
from the Main Seawater Cooling System,
Sw , (at least an this pilot system).
As a result, the AFFF system ultimately
is dependent upon the SW system, and
its scheduled completion dates will be
controlled by those of the SW system's.

The Independent System A-Dates are
obtained by the computer program from
the System Data table and stored in the
A-Date columns for the provider and
user systems in this table. Then the
computer program compares the data in
these two columns, selects the earlier
and stores it back in the System Data
Table as the System A-date.
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Observations

Equipment Data Table - Comparison
of the three A-Dates for various types
of equipment shows that , for the as-
sumed construction schedule and various
assumed durations used in the sample
project, the Hardware A-Date was never
the controlling date.

The C-Dates for both the PD and CD
are often the same, but not always.
The obvious explanation is that some
parts of the system and some equipment
of the system are to be installed in
the same, earliest Unit for the
system’s installation. In such cases,
because of the assumptions made about
durations, the CD A-Date will always be
earlier than that for the PD, and thus
will control the POA date.

System Data Table - Analysis of
the data shown in” Figure 11 yields the
conclusion that the Minimum Equipment
Q-Date is always earlier than that re-

lated to the Diagram Phase Two effort.
This is not surprising, but serves to
emphasize that the time between the
start of writing an equipment’s Techni-
cal Specifications  and the POA date is
a significantly long period, and is
deserving of close management.

In addition, the frequency by
which the Dependent A-Date was earlier
than the Independent A-Date
demonstrates the importance of paying
close attention to the integration of
diagram calculation schedules.

CONCLUSIONS

POA Planning

The most obvious conclusion to be
made from this study is that the normal
practice of most shipyards, namely to
schedule the POA of equipment based
solely upon the need date of the
hardware in the shipyard, should be
changed. That approach will not
provide the required vendor design data
in time to efficiently support the ship
design process. It is highly probable
that many past problems blamed on “late
drawings” were really due to inadequate
equipment procurement planning, which
precluded finishing the final drawings
on time.

Program Applicability

Another major conclusion to be
made is that the computer program
developed as a Part of this study ef-
fort will provide shipyards with all of
the information necessary for good, in-
tegrated scheduling of drawing develop-
ment and equipment procurement.

It will Identify the dates by
which System Calculations must be com-

plete. Since these dates control all
“downstream” activities of the design
development and equipment procurement
efforts, all other required dates can
then be calculated.

Although not discussed previously,
the program computes the required in-
yard delivery date for every item of
each type of  equipment. This detail
should be used whenever ordering mul-
tiple items of equipment, since it
would minimize warehousing  as well as
encourage on-time partial deliveries.

The results of this study also
highlight the importance of recognizing
the design interrelationships of
various systems, and the necessary con-
trol of design data transmission be-
tween dependent systems.

Reservations

The conclusions to be made from
the results presented in this paper
need to be qualified by noting certain
aspects about the data used in the
pilot test.

Constru ction Schedule - although
the construction schedule data used was
based on an actual shipbuilding project
proposal, that schedule was relatively
conservative, allowing a rather long
time before start of construction. Of
course, in order to obtain maximum
productivity in modular shipbuilding
efforts, the start of construction
should be held off until the design has
reached a mature state, so the schedule
used is considered valid.

Size of Pilot Project - The num-
ber of systems used in the pilot
project were relatively few, and in-
cluded principally structure and piping
systems. However, other distributed
systems, such as HVAC and electrical
wireways, are so similaar to piping sys-
tems for purposes of this type of study
that their inclusion would not change
the conclusions.

The only impact on the computer
program due to including more systems
would be additional time for carrying
out calculations. The calculation time
for a complete recalculation of the ex-
isting data on a floppy disc is about
thirty minutes. This time is increased
by about three seconds for every addi-
tional row in any table. On the other
hand, the full calculation is seldom
needed. Once the initial data concern-
ing systems, equipment and their unit-
stage combinations  are entered, recal-
culation can be limited to reflect only
the specific changes made during future
updates of the data. Also, with the
database installed on a hard disc, the
calculation time will be reduced.
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made
Furthermore, no attempt has been
to date to optimize the computer

This will
different

allow data
work sites

to be entered at
simultaneously.

program reported herein. Should the
calculation time represent a true
problem in the use of the program, a
number of improvements are possible.

Finally, for the main purpose of
the program, which is to generate in-

tegrated schedules for drawings and for
equipment procurement, no calculations
are necessary. Updates of current
scheduled dates and actual completion
dates, and generation of current
schedules require no calculation time
at all.

The reader will also have noted
that many items of information such as
drawing numbers, purchase order num-

bers, etc., are missing in many of the
tables and reports. Obviously, these
are items which have no effect upon
scheduling. However, these fields ul-
timately will be mandatory, so a few
were filled in to illustrate that they
have been provided in the computer
program.

FUTURE WORK

As in most research efforts, there
 are more things which can be done to
further enhance the utility of the
program presented herein.

One is to include other equipment
related data for scheduling; specifi-
cally, ILS data. The inclusion of this
data is an obvious extension, and can
be accomplished with little difficulty.

A second as to make some minor
modifications to the program in order
to facilitate its use on a network.

It also will allow reports oriented to
a specific organizations interests to
be generated locally upon demand.

Third, a detailed description of
the system and instructions for its use
will be needed.

A proposal to accomplish the above
tasks has been presented to the SP-4
Panel and tentatively approved. Hope-
fully these improvements Will have been
effected by the end of this year.
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prediction of deviation from desired geometry.
This information is of significant interest when
looking at the issue of fitup for assembly. Proper
process investigation can significantly reduce the
fitup effort. Also. the evaluation of sensitivity
functions allows the designer to “discover”
trade offs in the process, and use them to ad-
vantage. These sensitivity functions can also be
used to minimize forming error, as they would fa-
cilitate a choice of process operating point that is
less sensitive to parameter variations such as
changes in material properties.

PROCESS MODELS

In describing the modeling aspects of this
work, it is essential to make the semantic distinc-
tion between the terms “process model” and “pro-
cess simulation”. In describing a process model,
one generally refers to an analytical tool devel-
oped from first principles that allows for the
prediction of process output characteristics for a
given set of input parameters. In this case, a
model accurately predicts the geometry and state
of stress of a bent plate, for a given set of inputs
(machine geometry and material properties). One
can incorporate the model into a process simula-
tion by looking at the actual steps involved in
“using” the process at the shop floor level. Here,
one would examine the sequence of steps in-
volved in bending a plate to a desired radius.
This could. for example, involve an operator con-
trol algorithm (bend, measure, rebend) or an
adaptive control scheme (bend, measure, then use
this information to more accurately predict per-
formance by re-estimating material parameter
values). Also, one could apply the model to a
closed loop, real time control scheme such as dis-
cussed in Hardt and Chen [4] Thus, the simula-
tion program incorporates a process model. and a
measurement model into a parent program which
follows a particular control algorithm.

The sequential bending and roll forming
models have been designed so as to permit a “non-
zero” initial geometry and state of stress for the
plate being bent. This feature allowed for the de-
velopment of a plate bending simulation which
makes use of these fundamental forming models.
This simulation is of significant value to the in-
vestigative designer.

User-interface programming has been added
to the simulation, to permit the easy modification
of model input variables, and a clear display of
graphic data. This interface was written so as to
be model independent making it flexible for fu-
ture use. The graphics facilities have been imple-
mented on a DEC Vax Station 3200 in the
Ultrix/X-Windows environment, with all pro-
grams written in “C”. Figure 2 illustrates the
overall arrangement of the process model in an
integrated process simulation program, and Fig-
ure 3 shows the basic display screen available on
the engineering workstation.

SEQUENTIAL BENDING MODEL

The process of plate bending to achieve a
circular hull section involves creating a series of
overlapping plastic deformation zones to achieve
an acceptable average curvature. However. un-
like roll bending, this process will not produce a
uniform curvature with arc length, but will in-
stead result in a periodic variation in curvature
about an average value. The following model has
been developed to allow a process designer to ex-
amine the effect of machine geometry. bend line
spacing and punch penetration on both the aver-
age and continuous curvature distribution along
the arc length of the part. To assess the amount
of yard-level control that will be necessary to
achieve tolerance on a part (or alternatively the
achievability of a part tolerance) the model is
used as well to calculate local gradient in outputs
with respect to process parameters of material
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The geometry of the bending process is
simple three point beam bending as shown in Fig-
ure 4. As the punch penetrates into the work-
piece, the maximum bending moment (under the
punch) increases. If a linear moment distribution
with arc-length is assumed (as done is all similar
bending analyses [5,6,7]), then a corresponding
loaded curvature distribution can be found given
the basic constiutive relationship for the
material, which for bending is the Moment-
Curvature relationship. (Note that the latter is
typically derived from stress-strain information
assuming simple beam theory and pure moment
bending. Although the influence of large deflec-
tions and transverse shear is important, it is as-
sumed herein that such effects are of second or-
der to this analysis.)

IECE

The bending model used here starts with a
given machine geometry (die half-width a) and
material properties (based on a linear strain hard-

and yield stress try). and is

The maximum moment Mmax is then matched to
YP by an iterative series of calculations that in-
tegrates the curvature to find the center point
deflection. Given Mmax and the resulting lincar
moment distribution across the plate: M(s). the M-
K relationship can be applied to find the cor-
responding loaded curvature Kl(s). Finally. the
unloaded curvature distribution, Ku(s) is found
by applying an elastic moment of equal and oppo-
site magnitude to the original load to account of
the elastic springback. Thus we obtain:

The key output of the model at this stage is.
therefore, the curvature distribution Ku(s) that
results from a single bend. A typical result is
shown in Figure 5, where the effect of springback
is evidenced by the lack of permanent curvature
change at the periphery of the die region. Also
shown in the figure is the superposition of a se-
quence of identical bends to produce the desired
average curvature. However, this figure does not
accurately represent the process of deformation
overlap that is the heart of sequential bending.

To appreciate this effect, consider the prob-
lem of the first few bends of a flat plate. After
the first bend, the plate now has some initial cur-
vature (see Figure 6). When it is incremented
along the line of curvature, and the next punch
penetration occurs, two important changes have
occurred. First, much of the material that will
be plastically deformed was also deformed on the
previous step, and has potentially undergone
strain hardening and certainly contains residual
stresses. More importantly, the point of contact
of the punch on the plate is lower than for a flat
plate, and since the process is controlled on the
basis of absolute punch position, this means a les-
ser effective penetration for a pre-formed piece
than for a flat sheet.

Such effects must be included to properly
simulate this process, as the curvature distribu-
tion of Figure 7 illustrates. Here a fixed punch
penetration has been used for successive bends.
The above effect is immediately obvious the
first “bump” is of high magnitude (since the plate
was flat) and the next bump is smaller owing to
less “effective” penetration. Then a steady-state is
reached as each sequence leads to a consistent ini-
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Figure 6: Effect of Prebend

tial geometry.

As currently implemented, the model ac-
cepts a punch penetration and a bend spacing as
inputs, the pre-bend plate curvature and residual
stress state as in-process inputs and produces out-
puts of curvature distribution, K(s), part geom-

parameters include the plate properties (modulus,
yield point, thickness, and strain hardening
properties). This model structure is shown in
Figure 8.

The analytical details of the model and its
solution details arc found in [8]. However, the
basic structure of the solution is shown in Figure
9, where the multiple iterative solutions are
shown. These arc necessitated by the in-
determinate nature of the punch penetration -
plate curvature relationship.

Figure 8: Bending Model Structure

I I 4

Figure 9: Bump Forming Model
Flowchart

A typical set of results from the model is
shown in Figure 10. Here, a sequence of 5 bends
spaced 1 inch apart on 1/4 inch HY 80 is simu-
lated. The punch penetration is fixed at 025 in-
ches, and is kept constant. Thus, following the
above definitions, this is a use of a model rather
than a simulation since the latter would vary pene-
tration to achieve a desired curvature. Figure 11
shows the net effect of all five bends in Cartesian
coordinates.

Finally, the model is used to generate
sensitivity functions that will be used to aid a
designer in choosing operating points for the pro-
cess that minimize output variations. The itera-
tive calculations preclude analytical gradients.
and thus local gradients must be explicitly calcu-
lated by perturbing the appropriate process pa-
rameter and observing the resulting outputs
change. This must then be repeated for each pa-
rameter and is only valid at a given operating
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point (i.e. machine geometry and desired curva-
ture). The following gradients have been genera-
ted

By far the most sensitive quantities are
those relating to thickness and plastic modulus
(since strain hardening has a strong influence on

Figure 13: Sensitivity to Plastic
Modulus

the size and shape of the plastic zone during
bending). Figure 12 shows typical functions for
circularity and Kave. thickness variations, as a
function of punch penetration. This figure indi-
cates,forexample, that when thickness variations
are significant (as they canbe with thick plate),
there is an optimal punch depth/bend spacing
(which is related to punch depth for a given
radius) that minimizes both average curvature
circularity errors.

Figure 13 illustrates the effect of changes in 
plastic modulus of the material on the radial or
circularity error. This measures the effect of
changes in the work hardening of the material on
the resulting variation in curvature. Notice again
the strong dependence on the operating point
(punch penetration), which in this case favors the
choice of a shallow punch penetration.

The model presented here for sequential
bending can be used for several purposes. One
use demonstrated here is to study process
sensitivity to parameter variations. This can in
turn be used to develop a statistical picture of the 
expected variation of the process outputs. For ex-
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ample, the parameters can be described by prob-
ability distributions and these in turn can be
propagated through the model using the
sensitivity gradients to develop a measure of the
output’s  variance.

As previously discussed, this model can be
incorporated into a process simulation. which fa-
cilitates broader exploration of the process. By
evaluating the results of simulated process steps,
the designer can obtain information about pro-
cess behavior in general, and particularly about
the tradeoffs which are involved in process op-
timization.

EXPERIMENTAL VERIFICATION

The sequential bending experiments were
performed on a Cincinnati Inc. 90-ton pressbrake.
A positive stop system was added to the machine
to permit exact control of punch penetration.
The workplaces used were 6 x 21 x l/4 inch thick
HY80 high strength steel. The objective of the
experiments was to bend several pieces to a
radius of 18 inches, with a 30 degree arc of ap-
proximately constant radius. It should be noted
that this radius measurement refers to the radius
of the bent plate, measured by a template,
without taking the “head" and “tail” of the piece
into account. Figure 14 illustrates the die and
workpiece used in this experiment, and the steps
involved in bending a plate.

In bending the plates, an “operator control
algorithm” was used. Specifically. a given piece
was first bent using a fixed punch penetration
over a sequence of evenly space bends. The
punch penetration was then incremented for the
next bend. The amount of penetration change
was chosen intuitively, by the "operator" with the
intention of “sneaking up” on the desired radius
without overbending. During each experiment
the bump spacing and sequence of punch penetra-
tion values were recorded. Measurement of each
radius was done using radius templates.

To verify the model, the exact sequence fol-
lowed in each experiment was simulated. This in-
volved starting with material properties values
gleaned from a series of tensile tests performed
on the same material, and applying exact
measured values of plate thickness, initial geom-
etry and machine geometry to the computer
model. After each simulated bend, a measure-
ment program was used to fit a circle to the
plate’s geometric data. This radius was then com-
pared to the measured intermediate and final
radii found experimentally. For each bend. the
previously calculated state of geometry was used
as an initial description of the plate.

This sequence of steps was carried out for
three pieces. In each case. the punch penetration
sequence was varied, so as to investigate the ef-
fects of changing the bending history of the plate.
Tables I through IV describe the data obtained
for this sequence of three confirmation experi-
ments. From Table II it is apparent that the
model, as initially calibrated. did not provide ac-
curate predictions of the forming tests. However,
as is implied by Table III, this discrepancy was
overcome by modifying the initial calibration
data, specifically the material properties of yield
and strain hardening. These are, as expected. the
most indeterminate of the process parameters.
and such variations can be expected. Comparing

Figure 15: Roll Bending Geometry
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ROLL BENDING MODEL

The objective of this model is to relate the
process input (the roll diameters, spacing and cen-
ter roll displacement) to the desired outputs of
plate radius and residual stresses. In addition, the
model will provide sensitivity functions for these
outputs with respect to material property and ge-
ometry variations.

The basic geometry of the process is shown
in Figure 15. The model employed here is based
on one developed by Hansen et al. [7]. Only the
basic form of the model is presented here. The
basic calculations follow much of what is de-
scribed above, except that the shape of the plate
is different between in-coming and outgoing
sides. While the same triangular moment distri-
bution applies here, the incoming material sees
this as a loading moment, thus the loading por-
tion of the M-K relationship is applied to find
K1(s). However, once the material passes the cen- 
ter roll, it is unloading, and the M-K relationship
becomes linear. Thus, a non-symmetric K1(s) Will
result. This greatly complicates the calculation of
the center roll penetration since this is found by
integrating plate curvature to find plate contour.
As a result, the execution of the model requires
iterative calculations that seek to match roll pen-
etration, boundary conditions and plate shape.

Tables II and IV, it can be seen that this re-
estimation of these material parameters results in
much improved model predictions. Also, it is sig-
nificant to note that the model successfully
predicts the radius of the plates for three dif-
ferent bending histories The first plate was bent
much more gradually than plates 2 and 3, how-
ever good agreement between the model
predictions and the experimental results can be
seen in Table IV for all 3 plates. This is due to
the fact that this process model takes the “initial”
geometry of the plate into account before run-
ning each iteration of the simulation.

It is readily apparent that by modifying the
initial values of material parameters slightly,
agreement between the model and the experi-
mental data was obtained. A primary source of

As opposed to bending, rolling does not
have the process “freedom” to modify input. since
there is only one: the center roll displacement.
However, the model does allow one to examine
the effect of process uncertainty and to explore
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the effects of machine geometry (i.e. roll spacing
and radius). Since the roll bending process does
indeed ensure circular parts, the main use of the
model at this point is to generate sensitivity func-
tions so that process optimization studies and
statistics propagation can be performed. For ex-
ample. the effect of thickness on center roll dis-
placement can be seen by the data in Figure 16.
Clearly. variations in material thickness will
cause significant errors if the roll displacement is
not corrected.

This process model, like the bending model,
can be incorporated into a process simulation
scheme. The graphics and user interface features
(Ultrix / X-Windows based) which have been de-
veloped can be used with either process model.
This approach also supports the implementation
of control algorithm and measurement programs
for the simulation of various fabrication methods.

CONCLUSIONS

Design oriented process simulations can pro-
vide a wealth of information. It is constructive
and useful to provide the ship designer with tools
that permit the investigation of process oriented
questions through accurate simulation. The
prototype presented here, for the investigation of
the sequential plate bending and roll forming
processes, is an example of such a “designer-
focused tool. The implementation of such tools
in ship design stage would result in a better pro-
duct, since fabrication considerations could then
be evaluated by the designer in a simple yet
thorough manner.
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ABSTRACT

Shipyard painting is most often viewed as pure
ship construction operations, where the painting of
the hull, deck, superstructure, and cargo spaces
makes up the total effort and cost. This view may
be justified when analyzing various trade produc-
tion costs as parts of the total ship cost. However,
parts preparation and painting costs are significant
when looked at in summary as a new construction
or repair contract sub-cost item.

Once addressed, the historical means and
methods for small parts painting in shipyards ap-
pears to leave much room for improvement. What
happens, then when a systems approach is applied
to shipyard small parts painting? Can study tech-
niques, analysis and design be adapted to facilitate
painting systems which are cost effective for this in-
dustry? This paper attempts to answer these ques-
tions by presenting discussion of:

l Manufacturing Concepts of Parts Painting

l Use of Industrial Engineering Analysis

l Systems

l Systems

FOREWORD

Configurations

Cost and Justification

This feasibility study represents the reincarnation
of a research project initiated several years earlier
by Avondale Shipyards under the perview of SNAME
Panel O-23-1 (now SP-3), Surface preparation and
Coatings. Avondale discontinued work on this pro-
ject shortly after contract award. The objective of
the earlier study was to establish the feasibility of
automated painting of small parts, with emphasis
on state-of-the-art automated material handli ng,
blasting and coating equipment and systems.

19-1

The focus of the present study has been shifted
to include the broader scope of all collateral parts
painting operations, as well as coating process
methodology. Automation is viewed not necessarily
as an end, but rather one choice in a series of pos-
sibilities to maximize shop efficiency. The revised
objective has therefore become the establishment
of a true “Systems Approach” to small parts paint-
ing. The desired result is reduced shop painting
costs through improved productivity and ultimately
overalI shipbuilding cost savings.

The economic significance of productivity im-
provements in shop painting should not be over-
looked. Combined costs of painting small parts at
NASSCO, averaged for the previous several con-
tracts, are estimated to comprise nearly 20% of the
entire ship painting budget.

The authors have intended this report to be high-
ly user  oriented. The target audience, then, is the
Production Departments and specifically Paint Su-
pervision. In addition, Shop Managers, Planners
and other Staff Support personnel may glean use-
ful information from the discussions herein. Hope-
fully, the ideas and recommendations put forth in
this report, in whole or in part, will benefit the en-
tire shipbuilding industry.

INTRODUCTION

Automation. . . . A high sounding term, a stock
seller on Wall Street, a bright beacon to an under-
graduate engineer, “tomorrowland” to the man on
the street, and reality for manufacturing of the
1980s and 90s. It is here, it works and more often
than not, it is expensive-very expensive. Therein
lies the reason for addressing automated painting
of small parts in a feasibility  study.

l What level of automation fits?



● What are the costs?

● Are the costs justifiable?

● Is there something else?

These are the questions; this
to provide the answers. However,

study is intended
this project is not

intended to address automation for painting small
parts in a narrow context, but to develop a larger
overview of maximizing shop painting operations.
This study, therefore, also deals with planning,
scheduling, handling and handling equipment, and
rework reduction—in short, a Systems Approach to
painting sma// parts. Some specific problems will
be addressed and solutions will be proposed along
with costs versus potential savings.

The study will utilize the latest painting technol-
ogy from various sources and accepted Industrial
Engineering practices to develop improved methods
or systems and determine the feasibility of im-
plementing these improvements in terms of capital
investment, time, and ongoing costs.

To address automated painting of small parts in
a shipbuilding/repair setting without a full compre-
hension of that setting would be a useless exercise.
Since highly developed, sophisticated systems re-
quire equally balanced systems and methods for
planning, scheduling, identifying and controlling
materials and material movements, this must be a
study in overview which ultimately works down to
detailed possibilities.
This

●

●

●

●

study will:

IDENTIFY and CLASSIFY Groups and Fami-
lies of Small Parts. [Group Technology]

DETERMINE CURRENT SYSTEMS and
METHODS In Use for Controlling and Process-
ing Small Parts.

DEVELOP PROPOSED IMPROVED SYSTEMS
for Doing the Same: Planning, Scheduling,
Handling, Mechanizing and Automating.

ANALYZE the FEASIBIL ITY for Such
Improvements.

STUDY PREPARATION

A feasibility study conducted with a view toward
shipyard industry-wide benefits suggests several
things concerning potential results:

● Certain results or data presented by the study
may be applicable to one yard and not to
another.

● Even where two yards may have exactly ap-
plicable situations, the view on economic
justification may vary widely resulting in ac-
ceptance by the one and rejection by the other.

● Only partial data extracted from context could
be applicable.

Therefore, at the outset, this study required scope
and objectives which could permit generalization of
results and, at the same time, maintain clear and
specific details for ease of application and use.
Moreover, a base of reference was needed. . . .
actual small parts painting operations. Since the
project did not permit a scope whereby multi-yards
could be used as a basis, NASSCO’S more recent
work contracts as well as the current contract for
the Navy AOE-6 were selected.

If automation and the many other factors lead-
ing up to and/or supporting automation were not al-
ready present in the operations (and they were not),
other bases were needed. Leading paint suppliers
for coatings, equipment and shop systems would be
approached along with production organizations out-
side the shipyard industry. This, then, formed the
three position bases for study references.

● NASSCO AOE-6 Contract Planning: Actual
Shipyard Requirements

● Most Current Equipment and Systems: New
Sources Data

● Other Industry Users: Actual Operational Data

The generalized objectives of the study could be
lost if the process started from a current condition
(NASSCO operation) and worked through a single
revised (improved system) condition, thus being
rather heavily subjective. As a matter of fact, the
capability to do exactly that was a most desired re-
sult of the study; however, it had to be applicable
to essentially any shipbuilding or repair yard, whol-
ly or in part. Therefore, the study had to work from
several perspectives. simultaneously; gathering data
from the three study bases and analyzing the ap-
plications to both specific NASSCO operations on
one hand and a valuable industry-wide potential on
the other. Thus, the study was initiated on several
fronts.
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A further question arose in completing the prepa-
rations. How could data best be compiled concern-
ing current small parts painting operating practices?
Ultimately, some quantitative analyses would be
made in order to deal with economic justification,
and the industrial engineering method filled this re-
quirement. The application of this technology is dis-
cussed in a later section.

These were guidelines for the work of this study:

A Scope Permitting Generalized Results Sup-
ported By Sufficient Details.

A Three-Point Base of Reference.

- The Industrial Engineering Method.

SMALL PARTS PAINTING: A Manufacturing Operation

Let us place small parts painting into the context
of building a ship. When a part has been fabricat-
ed, it requires painting; and when a weldment (sub-
assembly/assembly) has been completed, it requires
painting. Some purchased parts require painting
other than supplied by the vendor. Therefore, small
parts painting is technically an operation within a
continuum for the completion of a part prior to the
next order of assembly.

This relationship can be seen in the Classic
Manufacturing Shop, where work flows through
fabrication operations to paint to inventory or ship-
ping. Thus, a yard may ask if paint operations
shouldn’t be contiguous to other fabrication source
operations, What does this do to transportation
costs, control costs, damage or other factors?

Should painting operations be self-contained and
for what reasons? IS this justified? It may be that
a highly cost-effective automated or semi-automated
Paint Shop should be self-contained and central-
ized due to decentralized fabrication and receiving
sources (in the case of purchased items).

Nevertheless, painting is difficult to define as an
"independent operation" for small parts when
viewed as part of a continuing process flow.

Parts Painting is not just some unrelated
operation...

IT IS PART OF THE MANUFACTURING
PROCESS.

Once painted, the part can be stored, even in bad
weather, for the next weld or assembly operation.

Painting may be an independent operation for
many reasons from yard to yard. These reasons
should be analyzed.

Painting is a SEPARATE TRADE, a SEPARATE
DEPARTMENT.

Mixing painting with other fabrication is not
desired.

Air pollution controls, requirements, etc. pres-
ent complications.

These may be some concerns and there are
others.

To be contiguous, the parts painting operation
does not have to be housed with the afore occur-
ring fabrication operations, however, the flow rela-
tionship should be evaluated. Is the cost to move
to and through the paint operation reasonable or are
there cost effective  alternatives? This study offers”
some methods for evaluating the problem.

PLANNING FOR MANUFACTURE

If a yard wishes to advance the cause of small
parts painting through automation or semi-
automation, should it go for the expenditure, train
some people and turn the paint group loose? Hard-
Iy! Well, it might just work for the yard that has per-
fect flow, perfect planning and scheduling, and
perfect methodization for small parts painting, but
is any yard at this point?

The assumption is that most yards need to get
through an evaluation of the current state of their
"Planning for Manufacture" as relates to small parts.
Problems exist whether the painting operations are
centralized or decentralized.

PLANNING FOR MANUFACTURE

Part Operation Planning

Part Operation Scheduling

In-Process Control

Finish Part Storage

Proper Identification
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These activities need to be perfected as a foun-
dation for a good manual paint operation as well as
the most automated one. Therefore, let us examine
each in some detail.

Planning: Either the part fabrication planner must
know paint planning as well as fabrication planning,
or a fabrication planner and paint planner must work
side by side. A shop routing card saying "paint" or
"paint green" just is not enough.

What surface preparation is required? What paint
system and which coats are required? Are there spe-
cial instructions? What is the post-paint routing?
These questions, properly answered, are the foun-
dation of any good planning practice.

Scheduling This goes hand in hand with plan-
ning. Whether your yard works to "Just in Time" or
"Inventory" or, as is common in most cases, a com-
bined approach, you should be clear as to a finish
date and, therefore, the start date. The latter is
where each yard tends to develop its own best meth-
od. When to start a part, based upon a given finish
date, has to do with: How long the fabrication cycle
takes; how much  level  loading of l abor, machines
and processes are required; and what particular bot-
tle necks or limiting operations exist.

This study cannot deal with these issues in de-
tail, but it is most important to give recognition to
the essential nature of good scheduling.

Parts painting schedules are derivatives of parts
fabrication scheduling. It’s fair to say, "Who gets to
schedule parts painting? The parts come, always
late, and you blast and paint them as best and fast
as you can!” This study tends to find agreement that
parts painting by nature is a vassal to the fabrica-
tion operation, however, all the more reason for the
dual, simultaneous planning for fabrication and
paint. There is reason to look at communication
across the related activities (yard trades) to test the
strength of these foundations.

in-Process ControL: This is an individual function
with each yard and each shop within a yard. There
are many ways to achieve this control. The impor-
tant point in this study is simply that it be done,
be re-evaluated, and upgraded as necessary.

The key to any flow lane, any shop, any process
is "through-flow”. Handling and re-handling does not
improve or change the value of a part... never did
and likely never will. The physical layout and facili-
ties relationships of a good small parts painting
operation are covered later. However, the best

through-flow layouts tend to yield the easiest In
Process Control Systems and procedures (and least
in process delays).

Storage, Staging and Routing What good does it
do a yard to perform all that precedes this point to
perfection and not do well here? The ultimate oper-
ation for the properly fabricated and painted part
is the proper and safe location for that item to be
used at the next level of assembly.

Evaluate this function as a key to analyzing your
state of planning for manufacture.

Identification: It is all too easy for a yard to ex-
pend costly labor hunting, correcting, repainting or
remaking misidentified parts. Most yards are not
having problems with original identification, this is
covered on the prints. The real problem is the phys-
ical identification of the part(s), which has to do
with how (The Method) and what data need be in-
cluded. Will Part Number do or is next assembly
identification required as well? The answer will
generally depend on the coding system employed
by design engineering. Both questions are im-
portant.

There are many supporting techniques for good
manufacturing planning. Quantification of process
time and man-hours is of the utmost importance.
Operation overview through flow process and oper-
ation analysis along with some other industrial En-
gineering Methods deserve some review and are
discussed later.

A Thru-Put Technique

If a yard can schedule parts painting as the last
fabrication operation as suggested previously, a
delivery date can be determined and a specific pri-
ority schedule can be followed through the paint-
ing cycle. If a :"first-in/first-out" policy is the norm,
some kind of priority-setting is required. Here is a
simple thru-put technique which requires order and
discipline to set up and maintain but will offer a
good plan for man-loading action.

Desired things to know:

(1) Delivery Date or need date. Where this
is not predetermined, set this date from
receipt plus three days or five
days...whatever fits.

(2) Available Date or date received. Make
certain to manifest all parts received
daily. Tag the parts with a brightly col-
ored tag.
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3)

(4)

(5)

Process Time Available is the difference
between (1) and (2). If Parts are late or
will be late when complete even if ex-
pedited, these are the number one
priority.

Establish a Measurable Unit (M.U.). This
may be a large or medium part like a
foundation or large valve. It is also a
quantity of small parts, maybe 25
hangers.

Determine a Rate Per M.U. in man-
hours. How many man hours to blast? To
paint? (Include all handling and set-up
time).

Now, on a daily basis record the date received,
the delivery date required and the number of M.U.s
for every work item (along with proper identification,
work item numbers, etc.) Then, by day or week all
M.U.s can be summed and the product of (M.U.) x
(RATE) can be determined. If a small computer is
available, a D-base or Lotus 1-2-3 spread sheet can
be used. The computer is not, however, necessary.

A sample analysis for a six period thru-put (Figure
1)shows how simple this can be.

The leveling analysis, which deals with the over
demand or under demand for a given work period,
is most important (Figure 2). Since the mean (man-
hours) for six periods will vary with the production
requirement, management must decide whether to
vary the manpower provided from period to period
or to move the work forward and backward in order
to keep a fixed crew size over the six periods.

The key questions are:

1.

2.

3.

Can manpower be easily and efficiently
moved from small parts painting to oth-
er operations?

Is the work available for forward moves
in schedule?

Can some work be moved backward in
schedule? Which work?

in the combining of periods for further level load
analysis (Figure 3), it can be seen that two levels
exist with a mean difference of almost 250 man-
hours (243.75). This strongly directs management
to look for work "to fill" or manpower to move tooth-
er operations after period four.

THE INDUSTRIAL ENGINEERING METHOD

The Industrial Engineering Method, like all tech-
nology of the twentieth century, has simple begin-
nings, a rapid history of development, and a
high-tech presence. Simple and more basic tools
were needed for this study and, fortunately, these 
are easy to learn and apply no matter the size or 
complexity of yard operations under study.

The Flow Process Chart can be the foundation for
analyzing a smalI parts painting operation (or any
yard operation for that matter). A sample from our
study is shown here in Figure 4.

This form is classic and the symbols have been
standardized through years of practice. The chart
can be used for actual studies where a person can
observe what is being done and record the work, the
time it takes, the distances involved, and notations,
therefore establishing basic data (1), (2).
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The chart can also be used in analyzing a pro-
posed operation using the basic data established by
previous study observations. Final procedures or in-
structions for a new operating plan can be present-
ed on the chart, which is easy to read and
understand.

The Flow Diagram is the product of the flow
process study(s).

CURRENT PARTS FLOW

Figure 5

The use of a scale plan view of the physical area
is recommended for analysis as well as presenta-
tiOn to management. The "before" and "after" ef-
fect can be dramatic since movements and
distances are vivid. Often it is necessary to use large
scale sizes (and therefore print sizes) for this work
when there is great detail within an area or great
distances to show.

Flow Symbols and a recommended use are im-
portant. Make certain that a common understand-
ing exists as to what each symbol is to represent.
Define this before any studies are started and then
maintain these definitions throughout the project.

Not all activities are necessarily identified above.
However, each and every significant activity should
be assigned a standard symbol for consistency of
data accumulation and evaluation.

These accepted
mended.

uses of the symbols are recom-

Time Values are important to the ultimate study
accomplishments. Time to perform work is the di-
rect labor cost of the painting or related activity and
idle time is a probable non-productive cost. The use
of a wrist watch with a sweep second hand is recom-
mended in these kinds of Flow Process Chart
studies. A minute is an acceptable level of accura-
cy although .25 minute intervals may be desired and
can be easily read and recorded. Where something
more critical is desired the time study watch or dec-
imal stop watch will be needed.

When a number of studies are made (this will
generally be the case) the data must be correlated.
This is most easily done by a spread sheet recap.
Accumulate all like elemental work time values, de-
lays, distances, etc. and arrive at unit time values,
such as: time per piece, square foot, 100 feet
moved.

Comparative Evaluation, niost popularly called
the Before and After, has to be the ultimate objec-
tive of the Industrial Engineering Method. This
forms the bases for action, direction, and justifi-

  cation.

Where two or more existing or proposed small
parts painting operations or systems can be flow
analyzed and timed, total times and total distances
and all other appropriate data can be compared and
a total cost for one possibility versus another (or
others) established. This then determines the lev-
els of expected improvement, payoff, return on in-
vestment, or whatever basis a yard may use to justify
expense and/or capital funding.
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COMPARATIVE ANALYSIS

 BEFORE AND AFTER

 THIS VERSES THAT

 SYSTEMATIC ANALYSIS OF EXISTING
AND/OR SUGGESTED CONDITIONS

 RELATIVE EVALUATION OF ELEMENTS
AS WELL AS TOTAL EFFECTS

Subsequent sections will include some actual ap-
plications of the Industrial Engineering Method just
discussed.

SMALL PARTS IDENTIFICATION AND CLASSIFICATION

The first order of business for the project was
identification and classification of small parts to be
included in the study. This step would, in effect,
define "small parts" and provide a scope for all fur-
ther studies and analyses to be conducted. Theo-
retically, any item painted prior to block (module)
or unit assembly, or prior to on-board installation,
could be considered a painted "part". There are
thousands of such items on a typical large hull.

A reasonable starting point for small parts defi-
nition would be to include all, or nearly all, items
traditionally painted in NASSCO's Main Paint Area
(an open air "shop") or any “satellite” paint area ad-
jacent to the fabrication shops. Points of origin
(NASSCO shops, outside vendors, etc.) for these
items are significant for sections of the study relat-
ed to planning, scheduling, routing and handling.

Next, a grouping by size and weight would be re-
quired to further narrow the parts scope to a
meaningful range for the project. The maximum part
size chosen was 60” X 60” X 24” to permit inclu-
sion of a majority of the steel angle foundations
commonly encountered. This upper limit size cor-
responds to a weight of several hundred pounds or
more and would require a fork lift and/or small crane
for handling. The smallest part could be a 2" x 3"
staple weighing a fraction of a pound.

In addition to parts, raw stock shapes (angles, flat,
bar, pipe, etc.) to be used in parts fabrication or on-
board outfitting, were also included in the study
since much of this material is primed in the Main
Paint Area. Raw stock varies in cross sectional
dimensions and weight and is generally handled in
twenty foot lengths.

A parts classification list was developed using
NASSCO’s AOE-6 contract as a point of refe
Parts were grouped by type, indicat
of origin, and an approximate quantity was noted.
From this list, thirteen items were selected as best
representatives to form the "Typical Parts List" used
as a basis for further study. (See Appendix 2 for
List).

A further approach to classification would be to
examine parts in the context of their respective coat-
ing requirements. Parts can be grouped by the type
of coating and extent of the system to be applied
at the shop painting stage. For example, some parts
may receive primer only, others one or more inter-
mediate coats, and still others a full system includ-
ing topcoats. Parts receiving identical coatings can
then be grouped together for purposes of surface

- preparation and painting. Typical coating systems
used as a basis for this study are those specified
by the NAVY for AOE-6. (Figure 7)

At this point, a question may arise concerning
how to determine the extent of the coating system
to be applied at the shop painting stage. Is it best
to apply primer only, a full system, or somewhere
in between? This clearly is a production planning
issue and should be given considerable attention
early in the planning process with strong input from
the Paint Department.

Several factors will need to be considered and
analyzed, however the bottom line is the overall cost
of shop painting vs. painting at other construction
stages. On the surface, it would appear shop paint-
ing is clearly most cost-efficient, since an industry
rule-of-thumb says on-board labor costs are gener-
ally two to three times higher than shop labor costs
for identical work. However, when inserting onboard
and on-block paint rework costs into the equation,
the picture may change significantly.

Consider the amount of potential coating dam-
age encountered after a part leaves the Paint Shop:
Transportation and handling damage; environmen-
tal damage from the elements; dirt, grease and oil
contamination; and probably most significant is the
damage caused during installation, either by weld-
ing or installation tools. In addition, ECNs, PCNs
or missed schedules frequently create hotwork dam-
age long after part installation.

When these paint rework costs can be accurately
determined and analyzed, they may make a strong
case for applying only prime or intermediate coats
in the shop and all finish coats as late as on-board
schedules will allow. Certainly, this analysis should
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AOE 6 SPECIFIED PAINT SYSTEMS

COAT LOCATION
Ho. EXTERIOR TOPSIDES INTERIOR. DRY SPACE INTERIOR, WET SPACE

1 INORGANIC ZINC SILICATE MIL-P-24441 EPOXY (F-150) DOO.P23236 EPOXY

2 MIL.P-24441 EPOXY (F-151) DOD-C-24596 W.B. FINISH DOD-P-23236 EPOXY

3 TTE-490: SILICONE ALKYD DOD.C-24596 W.B. FINISH —

4 TTE-490: SILICONE ALKYD — —

 WATER BASED

Figure 7

be made on a case basis for individual outfitting
items or families of parts. Where coating damage
is expected to be minimal or non-existent (such as
on machinery), a full-system shop application would
likely be justified. Finally, all attempts should be
made to reduce on-board paint rework to a bare
minimum.

In passing, we mention a technique that we con-
sider the best methodology for properly setting up
a classification system of parts where numbers, vari-
ables, and computer codification are involved. This
methodology is broadly known as Group Technolo-
gy and is covered in a forthcoming SP-1 Project Re-
port. An example is shown in Figure 8.

CURRENT METHODS

Small parts painting procedures and methods
have remained virtually unchanged over NASSCO's
long history of building ships. This aspect of opera-
tions has been, for one reason or another, basically
overlooked whenever facility improvements were
considered. Possibly, parts painting is the victim of
the adage: "If it works, don’t fix it", or "Out of sight,
out of mind” since the parts area is set off in a re-
mote corner of the shipyard. Whatever the reason,
we think it will be obvious from this discussion of
NASSCO's current parts painting methods that there
is plenty of room for improvement. More than like-
ly, this will be the situation at many other shipyards.

San Diego is “blessed” with a very mild and dry
climate. So NASSCO, unlike most yards, is in the
unique position of being able to perform much of
the blast and paint operation in the open air, with-
out the need for enclosures or even covered areas.
The few rainy days that do occur in the winter may
present a minor problem in the form of schedule
delays. This seemingly ideaI situation may, howev-
er, be a mixed blessing. Having a large, undelineat-
ed area available for parts blasting and painting can
foster inefficient use of that space, while the phys-
ical limits inherent in a building or enclosure usually
encourage a close look at flow and efficiency.

A few comments regarding parts scheduling are
appropriate at this point. This subject was discussed
in a previous section, "Planning for Manufacture".
Scheduling of material into the paint/blast shop is
virtually nonexistent. That is to say the fabrication
shops that supply parts to be painted cannot ade-
quately predict, in advance, when those parts will
be completed and ready to ship. Therefore, blast and
paint supervision is forced into a reactive mode for
manpower and material planning on a daily basis.
Level-loading of shop work and personnel becomes
nearly impossible, impacting overall departmental
scheduling and budgeting performance.

NASSCO's small parts blast and paint areas are
separate and adjacent, with the paint area located
upwind from blasting to avoid dust contamination

GROUP TECHNOLOGY:* A technique which identifies and categorizes parts based upon the "sameness" or similar-
ities of physical specifications or processes in order to improve the manufacturing economics of those parts.

Refering to earlier comments of this section, a GT matrix of classification (and possible codifications) would be
as follows:

PHYSICAL SIZE PRIME INTERMEDIATE FULL SYSTEM SPECIAL
Small ]1- 12 13 14
Medium 21 22 23 24
Large 31 32 33 34

* This is not a direct quotation but rather a combination of many definition in order to emphasize GT application in this study.
Codes may be added for zone storage location. etc. 

Figure 8
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(see Figure 5). The two areas are operated indepen-
dently by shop General Foremen under the overall
jurisdiction of a Blast/Paint Manager Daily work
planning is the activity common to both, since coor-
dination is required to ensure that blasted parts are
painted quickly.

Each area requires a staging zone for incoming
and outgoing material. All parts arrive and leave by
forklift on pallets or in baskets. Forklifts are also
used for transporting and handling (positioning,
turning, etc.) material between work stations, so a
high level of forklift activity is usually the norm. A
"mule train” transportation system consisting of
several rolling carts pulled by a single forklift was
created several years ago to alleviate the problem.
This system has proven to be a good solution for im-
proving the efficiency of NASSCO's forklift-
dependent transportation operations.

Parts arriving in the blast receiving area are logged
in and stored to await blast (several hours to sever-
al days). No formal prioritization system presently
exists, so the informal "first in, last out", or “who-
ever screams the loudest gets their’s first” systems
are usually in effect. As previously mentioned, most
blasting is performed manually, outside, and on
pallets at ground level with at least one turning oper-
ation required per piece. Steel grit is used where
possible and reclaimed/recycled via brooms, shov-
els, sweepers, 'bobcats' and a collector/classifier.
An automatic airless table blast machine and wheel-
a-brator are also available for specialized blasting
operations.

When blasting is completed, parts are moved (via
forklift) to a blow-down/inspection station to remove
residual dust in preparation for painting.

The first step in the paint operation is a check
of the part identification and determination of the
coating requirements. If precise instruction do not
accompany the work piece, labor-consuming re-
search of engineering drawings and the ship’s paint
schedule is necessary prior to coating. Painting is
accomplished on pallets at ground level, or parts
are arranged on worktables or racks and usually re-
quire turning for complete coverage. Portable air
spray or airless equipment is used as appropriate.
Parts are dried in place between applications or
coats, creating an obvious bottleneck in the system,
especially with long dry time epoxy coatings.

Following the coating and drying processes, parts
are inspected and then moved, again by forklift, to
a shipping/holding area to await transportation to
a storage or installation location.

The procedures described above apply to
NASSCO's central paint area or shop. Painting IS also
performed in satellite facilities adjacent to fabrica-
tion shops—most notably the sheetmetal and ma-
chine shops. These are small, open air areas for
painting (no blasting), operating similar to the main
shop. The use of these satellites reduces transpor-
tation to and congestion in the main shop.

Study Conditions, Method and Results

Flow process studies were conducted of
NASSCO's small parts operations to obtain time and
cost values for the current situation. The data was
accumulated in work elements, averaged for SLUs
(Single Load Units) of 3' x 3' to 5' x 5' mean, and
summarized for comparisons to alternative
proposals.

The time values were recapped, summed and
evaluated with respect to various types of work per-
formed: handling, blasting, painting, etc. Idle time
which could not be specifically related to personal
needs, work or other factors was ignored.

When work elements were developed per average
SLU, only specific work values were included. Fa-
tigue, rest and personal time were added to the work
cycle as a standard allowance. Total study time was
grouped (in this case all time for both Blast and
Paint was treated as the data universe) and a distri-
bution set by percentage was taken.

Peterson Builders, Inc. of Sturgeon Bay, Wiscon-
sin conducted in SP-3 Project, the Economics of
Shipyard Painting (2), and have developed work dis-
tribution percentages that greatly compare to those
developed by NASSCO. A comparison is made for
reference and illustration. (Figure 9)

When the data is grouped further into five major
sub-divisions the following results:

This grouping graphically points out the impor-
tance of performing methods and equipment anal-
ysis for all work factors, and not subjective work
factors (blast and paint) alone. It follows that blast
and paint productivity will rise if blast and paint
operation time, as a function of total time, is in-
creased. Doubling the latter would double produc-
tivity (or reduce by one half the crew size). Can setup
and teardown time be reduced? The same for other
groups?

As the summary and bar chart shows (Figure 11),
the data is quite comparative and suggests that
small parts blasting and painting operations may be
relative throughout shipyards.
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Field Studies:

Small Parts Painting in other Industries

Field surveys and interviews were conducted to
determine what other industries are doing. The
sources were:

Air Frame Manufacturer

Mobile Equipment Manufacturer

Oil Tool and Equipment Manufacturer

Medium Size Shipyard

Steam Turbine Manufacturer

Large Sheet Metal Job Shop.

While each source had widely varying conditions
of material and surface preparation requirements as
well as paint coating and curing, one inevitable fac-
tor ran throughout. ..they all used conveyors. Over-
head conveyors were prevalent, but floor type were
used where more desirable. Floor types have a dis-
advantage of “fouling” due to foreign items getting
in the drive. The more sophisticated systems used
switchable conveyor trackage and several used pow-
er and push (manual) sections. These features de-
pend upon the needs and variations of the system.

What Do Conveyors Do?

Handling (direct cost) is sharply reduced for a
rather reasonable cost. This is not meant to say that
automated paint booths are inexpensive, but ordi-
nary conveyors are far less expensive. It should be
noted that only one source used automated paint
application and that was, surprisingly, the job shop.
Economics is addressed later in the report.

19-11



Handling was found to be 144% of the blast and
paint work cycles from the NASSCO studies. This
does not include the forklift handling caused by a
lack of thru-flow that a well planned mechanized
system can eliminate. Equipment setup and
teardown was 24.3%. since the work was not "moved
thru" but rather the equipment "moved to" the work.

It appeared that the genius of the conveyor would
be the center piece of any system intended to de-
crease parts handling and equipment setup. The
sum of handling and setup in the NASSCO studies
was 38.7% and it was estimated, based upon the
experience of others, that this could be reduced to
10% to 15%. These are reasons for targeting
mechanization prior to automation.

In most systems where cold rolled or galvanized
steel is being painted the preparation is chemical
washing, however, shipbuilding generally uses blast-
ing. Paint booths were single (one man painting both
sides of a part) or double (two booths facing oppo-
site each other and two men paint opposite part
sides). Larger, flat parts work best with the latter.

From Current Methods To Revised Methods

The study developed a focal point and ironically
it was the non-painting work, rather than specific
painting of small parts that took the spotlight.

SOME NON-PAINTING AND
PREPARATION COSTS ARE...

l Transportation To and From The Facility

l Handling Within The Facility

l Identification

l Scheduling

THESE CAN EQUAL OR EXCEED THE PAINTING AND
PREPARATION COSTS.

To dramatize this we asked painting supervisors
the following:

IF YOUR PAINTER HAS...

l The Right paint
 Ž The Right Equipment
l Proper Support
 Ž The Right Part

HOW KING D0ES IT TAKE TO PAINT A 5'X5' PANEL?
HOW MUCH TIME DID ALL THE REST OF THE WORK

AND SUPPORT TAKE TO PAINT THE 5'X5' PANEL?

The answers varied between two minutes and five
minutes to perform the actual painting and an hour
to two hours to perform all the supporting work. The
exact numbers will vary greatly from yard to yard.
However, it is safe to say that 75% to 90% of all
the work is non-painting.

This new perspective therefore weighed heavily
on the direction that the project should take and
resulted in the decision to look at a Systems
Approach to small parts painting. Analyses of the
three levels of automation, semi-automation and
mechanization were developed. A fourth and some-
what separate level, that of semi-mechanization, is
included so that a more complete economic range
of systems are represented. The latter will be treat-
ed as an appendage to the main three levels which
have “mover” systems in common. (See Appendix 1)

THE IDEAL SYSTEM (MODEL)

Let us start at the beginning with the Ideal Sys-
tem. Many managers and engineers might argue that
since nothing in ship production is ideal, such an
approach is a waste of time and effort. There are
always restrictions: physical, economic, time, facil-
ity or equipment life span, and others. This is most
true. However, if a system attempted for production
and cost improvement reasons is started with all res-
trictions as a forefront criteria, two important pos-
sibilities are sacrificed. First, the ideal system allows
for the 100% potential level, never attainable, but
measurable (The ultimate system can be measured
against the ideal). Second, the forefront objectives
should be stated and constantly pursued through-
out the proposal development and evaluated with
respect to each restriction as each comes into play.
This permits separate, justified decisions relative to
each restriction rather than a predefined or implied
acceptance of the restrictions at the outset.

For example, if an ideal system is developed and
given a rating of 100% based upon all attainable
objectives and carries an implementation cost es-
timate of $1,000,000, another more economic pro-
posal could be related to it. It is possible that 50%
of al I attainable objectives might cost $250,000, a
considerable difference in cost. The ideal permits
comparison in a dramatic way and thus a relative
merit can be easily seen between proposals.

The ideal small parts paint system for a represen-
tative yard would contain the following:

A mover system: an overhead conveyor.

A blasting system.
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A prime and paint booth. represents the average time needed to
apply a single coat to an SLU.

A drying system: air or force.

A curing zone.

The basic configuration to this system is shown
in Figure 12.

IDEAL BLAST, PRIME & PAINT LINE

4.

The ultimate possibilities for the system are vir-
tually unlimited and this study recognizes that con-
dition, however, certain narrow assumptions were
required in order to focus upon specific issues.
Moreover, each yard will be required to do methodi-
zation, and costs should be included for this work
when preparing a proposal.

The Ideal System shown in Figure 12 operates as
follows:

5.

1. The parts are loaded to the overhead
conveyor at the load station. Some fix-
turing in a "Christmas Tree" fashion is
required for smaller parts, but medium
and larger parts are hung individually.

2. Parts proceed via the conveyor line
through the blast station. All surfaces
are blasted to the required condition.
Since blast may require three to five
times the paint cycle time, some varia-
tion in the line is necessary. A five min-
ute blast cycle per SLU is assumed for
the Ideal System. Expanded blast ca-
pacity can be developed to permit the
volume of blast work to be balanced with
the painting work.

3. The parts are primed or painted as re-
quired. The assumed paint cycle time for
this system is one minute. This

6.

The parts are dryed. Where there is suffi-
cient conveyor length and speed, this
can be accomplished simply by air dry-
ing on the conveyor from the point of
painting to unloading.

For example: Ten feet per minute is a 
common speed for many lines. If the dis-
tance from the paint station to the un-
load station is 150 feet the dry time is
fifteen minutes.

A cure area will be needed for various
paint coatings. In a conveyorized system
this is done via switching and manually
control led track “spurs”. Parts can be
held in these areas for extended periods
while the main system continues
operation.

A by-pass for blast will be required where
already blasted/primed or painted parts
require additional coats. Another option 
would be to shut down the blast booth
and run the parts through.

Balancing the Ideal is a necessary early step in
developing the system concept. Here the intent is
to be able to load, blast, paint, dry and unload with-
out a “bottleneck” or out-of-balance operation. The
flow process chart is the place to begin.

The Ideal System in Figure 12 shows a basic prim-
ing operation. The assumed Single Load Unit (SLU)
is a Iarge or medium part or a "Christmas Tree" of
small parts. At a conveyor line speed of five FPM
and the developed line length of two hundred feet
it will take thirty-four minutes without line stoppages
for a single load to make a total cycle (the forty
minutes for the line cycle less the six minutes (30
ft.) of “dead space” between the assumed load and
unload points). However, the productive rate of the
system will be the same as the “limiting cycle", in
this case five minutes to blast the SLU. That is, as
in any manual blasting operation, where one man
takes five minutes to completely blast the single
load unit. In other words, when this system oper-
ates without stoppages, a SLU is produced every five
minutes, twelve items per hour.

Three systems were developed, using various con-
figurations of equipment. These establish a refer-
ence for this discussion as well as further
applications covered in the next section.
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System A: Manual Blast and Manual Paint

System B: Auto Blast and Manual Paint

System C: Auto Blast and Auto Paint

All three systems use the conveyor routing as
shown in Figure 12.

Refering to System A, a Single Load Unit is
produced with fifteen man-minutes or .25 man-
hours operating the line with three men (5 min. x
3 men).

System B changes the limiting cycle to one
minute since the blasting time is now shortened,
via automation, to match the paint time. This is
potentially five times faster than System (A) with
sixty SLU’s per hour. Manning the line with three
men, the production rate is three man-minutes per
unit or .05 man-hours.

System C has the same limiting cycle of one min-
ute but potentially can be operated by two men at
a production rate of two man-minutes per unit or
.033 man hours.

Recognizably, great arguments can be made con-
cerning this data and the related assumptions. How-
ever, while these assumptions are based on real,
observed conditions, they are submitted within this
study as a point of reference and not an absolute.
The greatest value in this exercise is the applicabil-
ity of the concept to any small parts system propos-
al, whether a continuous line or a separate forklift
fed work station basis is used.

Making The ideal Model Real

The ideal model and flow analysis was exactly that
. . . a pure ideal, but capturing a very workable
concept(s). What then is REAL? How do we make
it workable?

First, the flow analysis can be re-evaluated in
terms of reasonably expected line stoppages or de-
lays. These are:

Mechanical or electrical maintenance.

Wait for materials.

Supervision.

Miscellaneous.

Some history for these types of systems suggests
an expectation of 10% to 25% (of course in an ac-
tual application this should be established as early
as possible once the learning curve settles down).
For study purposes, the most conservative delay val-
ue was utilized (25%). Applying the delay factor in-
creases the total system cycle time from thirty-four
to fifty minutes.

Second, and most importantly, the manual activi-
ties require evaluation. Basic questions need to be
asked:

Can a man maintain the one minute work cy-
cle in loading and unloading?

Not without some fatigue, rest and per-
sonal time allowances.

More  seriously, can a man maintain the paint-
ing cycle of one minute?

This type work probably requires the
highest allowances for fatigue, rest and
personal time.

When the Single Load Units are small parts
hung on “Christmas Trees” won’t an auxiliary
handler(s) be required?

Yes, and at least for planning analysis
purposes the general practice is to add
an auxiliary man (or more) to the line
crew and include that time in the expect-
ed operating labor cost.

If manual blasting is to be used, won’t two
blasters be required since that is the limiting
cycle?

Not necessarily. This would appear to be
the best answer if the system is planned
to run “full out” for extended periods.
When one blaster works the other rests.
This must be evaluated on a per piece
basis since it might be better to have
both blast and rest in unison.

The manpower utilization is much better when
working in unison, as shown in Figure 13.

Applying some of these intuitive factors will bring
the ideal system further into the area of the real sys-
tem. Each system is adjusted to show man-hour ef-
fect for system and human delays. (Figure 14)
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Men/machine charts are shown below for System
A in Figures 15 and 16. The initial (Ideal) and ex-
pected (Real) are compared. This is an effective
method for depicting time, work operations, and sys-
tem relationships. It will work well for facilities utili-
zation analysis in general.

A final set of comments concerning this exercise:

The conveyor type system can be analyzed at
whatever speed and length of line is reasonable.
Most systems viewed as part of the study moved at
10 to 12 feet per minute. The ultimate length will
be governed by the air dry cycle required, econom-
ics, or space.

The manning of the system is totally variable
based upon the degree of automation and system
reliability. One system had over a thousand feet of
continuously moving conveyor and a two man
crew—one a handler and the second a line opera-
tor/maintenance man. The total system was auto-
mated except for loading and unloading the
conveyor. It should be added that this line used a
washer system rather than blasting to prep parts.

For shipyard conditions and practices, blasting
holds equal importance with painting. Automated
blast cabinets require much research prior to acqui-
sition and much operational methodization after ac-
quisition and installation.

Also, the "Christmas Tree" method for handling 
small parts has great impact. Remember, if ten
small parts are contained in one SLU the expected
man hours per part is factored 10 times.

Finally, once the initial analysis has been reduced
to reasonable expectations, the Ideal nature of the
system will still exist, but in a Real form. Answer
questions like: Do you have the physical space?
What configuration will fit? Are utilities adequate?
Access to and from? Parts staging? Then begin the
process for developing the proposal.

SMALL PARTS PAINTING SYSTEMS

What will these kinds of systems cost? Can auto-
mation be affordable and justifiable or should
mechanization at a lower level be the goal?

Herein lies the heart of this feasibility study. To
answer these questions, a separate survey was made
by the Empire West Corp. of Cerritos, California. The
survey used as a model the same ideal system as
in Figure 12 in order to permit direct comparisons
of data.

Three types of parts painting systems are being
considered:1

1 These systems are relative to Systems A, B and

C described earlier. However, they are not identical
and therefore should not be-compared directly.
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SYSTEM 1

SYSTEM 2

SYSTEM 3

(Mechanized/Manual)

(Semi-Automatic)

(Automatic).

This survey is based on the following general as-
sumptions:

Surface Preparation:

The blasting requirement for items to be coated
with inorganic zinc primer is near white blast clean-
ing (SSPC-SP-10). All other items require either
commercial blast cleaning (SSPC-SP-6), or brush-
off blast cleaning (SSPC-SP-7).

For occasional items which do not require blast
cleaning, other manual cleaning methods can be
considered. A limited quantity of parts will require
masking of some areas prior to blast cleaning and/or
coating application.

Coating:

The coating requirements for the parts include
five basic paint material systems:

Inorganic zinc primer

Epoxy tank coatings

High build polyamide

Alkyd primer

epoxy primer

l Topcoatings for each specified coating system.

All parts will require a minimum of one coat of
primer.

Forced Drying:

Most of the coating materials will air dry in am-
bient conditions. The curing times for most materi-
als can be reduced significantly by processing
through a drying oven after a specified flash-off time
period. An oven is included in each of the three
preliminary systems to increase production.

Material Handling:

The vast majority of parts can be handled by an
overhead powered conveyor system with start/top
stations for loading and unloading. A combination
power and free system could be considered for Sys-
tems 1 and 2, but is not included in the survey. Sec-

tions of horizontal conveyors in some process areas
may be considered, along with four wheel carts for
handling of unusual parts.

Small Parts Data:

Size: Minimum, 3" x 2" x 1"

Maximum, 60" wide, 42" high x 20'
long

Weight: Maximum 100 pounds/piece

Configurations: Small assemblies (founda-
tions), pipe hangers, U Bolts, wire-way
hangers, light brackets, ladders, etc., as
typical.

Substrate: Mild steel.

System 1

This plan will have the lowest purchase cost, but
the highest operating cost of the three systems, as
It is the most labor intensive. The plan will utilize
more fIoor space because of the staging areas re-
quired as work flows through the processes.

Surface Preparation: All blast cleaning will be
done manually in a blast booth with dust collector.

Coating: Coating application will be done manu-
alIy, in a water-wash spray booth.

Drying: One two-pass conveyorized drying oven is
included.

Material Handling: For this system, material han-
dling will be accomplished primarily by overhead
conveyor. Four wheel carts for special items are in-
cluded.

System 2

Surface Preparation: This plan reduces manual
blasting and adds a Turnblast semi-automatic ma-
chine or a table-blast machine.

Coating: An additional spray booth is included.
Semi-automatic (non-computerized) coating appli-
cation machines are added to reduce personnel and
increase quality control.

Forced Drying: The drying oven is increased in size
with two chambers to force dry the primers and top
coats continuously in separate temperature zones.
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Material Handling: System 2 will allow the parts
to be carried, via conveyor, through the blast cycle,
the primer application, flash-off period, drying oven,
cooling, top coat application, flash-off period, dry-
ing oven, cooling, to unload station—all without
manual handling.

System 3

Surface Preparation: This plan utilizes a four
wheel airless (centrifugal) automatic blast cleaning
machine in place of the manual blast booth. With
proper fixtures, this machine should process all of
the parts included in the survey..

Coating: The coating equipment will be fully au-
tomatic, with electronic control and sensing systems
to coordinate with the conveyor drive. Four spray
booths are included for continuous line flow.

Forced Drying: Drying will be through a double
oven as described in System 2, to allow predicta-
ble coating application sequence.

Material Handling: The overhead conveyor will
carry most parts through the automatic blast clean-
ing machine and all other processes.

If all included assumptions are reasonably ac-
curate, this will be the optimum one cycle system.
After loading the parts on fixtures on the conveyors,
blast cleaning, coating, and drying will be automatic
until the parts are unloaded, ready for inspection.

Preliminary cost estimates of each system (at the
time of survey), for budgetary purposes only, areas
follows:

SYSTEM 1 $235,000.00
Option:If air compressors are required, add the
approximate amount of . . . . . . . . . . . . . ..$50.000.00

SYSTEM II S345,000.00
Option: If air compressors are required, add the
approximate amount of . . . . . . . . . . . ..$30.000.00

SYSTEM 3 S440.000.00

The equipment costs contained in the Empire
West survey were further analyzed with respect to
the three systems as originally discussed. This per-
mits the reader to see a continuum of comparative
data as would be required in any specific system
proposal.

These are guide line costs and can be used to de-
velop strong indications of what system is feasible
for a given yard.

SYSTEM A (with variations)
A Manual Blast System with 200 feet of conveyor a single blast
booth a single paint booth, and
single oven . . . . . . . . . . . . . . . . . . . . . . . . . . S140,500.00
The same system without the oven . . . . . . . . . ..S105.000.00

A Manual Blast System the same as above with two blast booths
and two paint booths . . . . . . . . . . . . . . . . . . . ..$177.000.00

SYSTEM B
An Automatic Blast System with conveyor, auto blast cabinet.
two paint booths. and single oven . . . . . . . . ..$272.000.00

SYSTEM C
An Automatic Blast and Paint System with auto blast cabinet,
auto paint booth set of two ovens and 200 feet of automated
conveyor line . . . . . . . . . . . . . . . . . . . . . . . . . . ..S399.000.00

JUSTIFICATION

Justification for a proposal is necessary and vital
for management review and decision. The proposed
system must be compared to existing operations.
The savings to be realized must provide return on
investment and fully satisfy management criteria.

The most direct method for determining current
operation methods and productivity is observation.
As set forth previously under the Industrial Engineer-
ing Method, the flow process study is recommend-
ed. Complete eight hour studies, or, at a minimum,
four hour studies will yield the best quality infor-
mation. The time a man is working is important, how
he works and at what task must be observed close-
ly and properly recorded as well. However, of equal
importance is idle time, and the reason for the idle
condition requires close observance and recording.
Personal time, rest, and fatigue are simply states of
human-kind and have well-engineered standard
values for that reason. Waiting for something is idle
time, which can be changed to productive time, but
must be first properly identified.

Determining how work is being done can lead
directly to methods changes, which in turn increase
productivity. Unneeded movements of materials, ex-
cessive handling, identification problems, instruc-
tional problems, and poor workmanship by others
can be changed or eliminated. Often these changes
cost little.

Observation studies were conducted at NASSCO
as part of this project and were previously discussed.
The specific data used to develop work cycle times
was developed from those studies. Results are
shown in Figures 17 and 18.
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Figure 17 summarizes time study results for blast-
ing and related operations for a Single Load Unit
(one or more individual parts), while figure 18
shows results for painting. Note that in both cases
equipment setup or teardown times exceed the ac-
tual blast/paint operation times. Therefore it is im-
portant to maximize work package or lot size to
absorb the equipment handling time (cost). Also
note that the total work cycle times are nearly equal
for blasting and painting. This results from compar-
ing blasting to painting muItiple (2-3) coats. Apply-
ing a single coat to a part is usually three to four
times faster than manually blasting that same part.

The details of data accumulation, analysis and
evaluation must be left to a specific proposal pro-

ject manager or engineer. However, for this report,
in order to carry through the concept originated with
the Ideal System, that particular example was tak-
en all the way through a proposal cycle.

At this point, it is recommended that all new costs
for the proposed operation be evaluated and that the
particular financial form related to the yard doing
the proposal be followed. Since policies, and there-
fore calculations vary, this example will end here.

In closing, some additional comments about the
example may be appropriate. First, the potential sav-
ings versus capital investment for System A may
suggest a reduction in the expenditure by deleting
the oven and proposing a capital expenditure of
$105,500. This would offer a very safe economic
trade-off. Moreover, proposed System C (see Figure
19) yields the greatest potential percentage of time
saved (81.4%), however this same system shows the
lowest annual ROI (122%.) due to high investment
cost (ROl=annual savings÷investment). System B
would yield the greatest ROI (160%) and have the
shortest payback period—about 7.5 months. Also
note that the calculations assume a production rate
of 60,000 SLUs per year. If the actual quantity of
small parts processed for a particular operation was
less, say 30,000, the analysis for System B would
be adjusted to show a ROI of 80% and a payback
period of fifteen months.

Clearly, specific SLU counts, current operation
values, proposed system configurations and expect-
ed operation values, and specific equipment and in-
stallation costs will yield wide variations between
individual cases.

SUMMARY AND CONCLUSION

Is automation, semi-automation, or mechaniza-
tion feasible for a given yard? This study suggests
that there are definitely possibilities that deserve
review and analysis. The study further shows that
there are cost improvement potentials with very lit-
tle capital cost and that the techniques utilized here
can be applied to most, if not all, shipyard oper-
ations.

The project represents a wide view. As intended,
it deals with automation and mechanization of small
parts painting. However, along the road to these high
ends many simple and easy to perform planning,
scheduling and industrial engineering techniques
have marked our way. Possibly, and without origi-
nal intention, the exposure to these management
tools will be of the most universal value.
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Figure 19

The emphasis placed upon "Planning for
Manufacture", as well as the side trip into “A Thru-
put Technique” in the same section, may serve any
yard well for very little cost. The Industrial Engineer-
ing Method, by design permeates the complete pro-
ject. Identifying and analyzing the “Existing” and
“Proposed” is at the heart of good, well-managed
economical evaluation and justification.

The specific review of various levels of system
mechanization and the ultimate of automation,
along with potential costs for each, may be just what
the large yards need next.

Yes, it is agreed that this project looks like “some-
thing for everyone"-and that can’t be all bad. From
here on, it’s a "do-it-yourself" project: look at your
family of painted small parts and see what can be
changed and improved. Conduct the studies and use
whatever techniques help.
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APPENDIX 1: THE SIMPLE SYSTEM

A simple approach to small parts painting, the
previously identified Semi-Mechanization, is not to
be overlooked.

Economics, a need for a small decentralized Paint
Shop, or the relative volume of work may not sup-
port the kinds of systems previously discussed. This
study suggests that all the principles developed thus
far can be further applied to a simpler approach.
(As a matter of fact, simple time study and methodi-
zation will yield immediate cost reductions).

The order of working up a proposal is exactly the
same:

Define and classify the parts

Evaluate current methods and time values for
the operations

Develop an Ideal Plan

Evolve to a Real Plan

Determine Equipment and Facilities Require-
ments and Proposal costs

Economically justify the proposal.

When evaluating current operations and making
the transfer to the Ideal/Real System Proposal, work
on Flow Concepts.

Is a manufacturing operation continuum pos-
sible? Will transportation from the last fabri-
cation operation to the first blast and paint
operation be at a minimum?

Will the blast and paint operations be a flow-
through layout with a minimum of handling
and rehandling?

Will the layout afford good thru-put planning
and in-process control?

Can the proposal improve the cost of painting
small parts?

The flow diagram in Figure 1 shows a simple flow-
through arrangement that can use multiple "mov-
er" methods: fork lift, hand cart, track, or conveyor
(with or without a return loop). This system is envi-
sioned as having manual blast and paint, air dry or
oven dry facilities. However, blast could be semi-
automated. If a track or conveyor is used, parts can
be worked individually or "Christmas Tree" fashion
as an SLU, and with a limited production demand
the operation could be handled by a single worker.

Figure 1

Spacing of the facilities will be most important
in order to queue parts for each sequential opera-
tion. The key is to keep the materials moving through
without double handling. This strongly suggests that
the handling method or "mover" is the most impor-
tant function of the system and may prove to be the
most cost effective investment in the proposal.

Develop a flow process chart complete with work
times and process values. Use an SLU as the basic
production measure and calculate the potential sav-
ings for the proposal. Remember...keep it simple!
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NAVSEA MCM-1 Product Model
Jeffery D. Arthur’s, Member, Naval Sea Systems Command, Washington, D.C.

The MCM (Mine Countermeasure
Minesweeper) Product Model is the
Navy's first true representation of a
fully Computer-aided Acquisition and
Logistic Support (CALS) oriented
information system that integrates
automated processes to create, store,
retrieve, use and exchange weapon
system technical, logistics,
manufacturing and management
information. The following three
processes support the integration:

data source, definition, and
flow analysis;
configuration baseline
establishment and management;
graphic representation and
geometric (three dimensional)
modeling.

NAVSEA CALS data flow diagrams document
existing processes, organizations, and
data flows; subsequent analyses will
document specific data elements, their
sources, interdependencies, and
relationships.

The three dimensional (3D) MCM Product
Model integrates engineering, design,
logistics, production and configuration
management processes. It also produces
a variety of information products from
the same data base, including piping
isometrics, work packages and damage
control diagrams.

Three projects have been combined to
produce the MCM 3D Product Model.
Equipment components designed in the 3D
geometric model are linked to a central
file of current configuration and
logistic information maintained in the
Weapon Systems File (WSF) Prototype
data base. Access to this central file
eliminates the need for many
duplicative, independent data bases to
generate various reports and products
as required by different users. Each
component has been assigned a unique
functional description and hierarchical
structure code that permits integration
with the WSF Prototype for access to
the appropriate configuration and

No. 20

logistic data. This integrating
mechanism also enables access to
optically stored technical manuals,
engineering drawings, maintenance
repair procedures, etc. which comprises
the third part of the Model.

INTRODUCTION

Computer-aided Acquisition and Logistic
Support (CALS) is a DoD strategy to
utilize the latest computer technology
and data exchange standards to automate
the technical and logistic data
associated with weapon system
acquisition and support. The twin
objectives are to digitize current
paper-oriented technical and logistic
support data processes, and
concurrently to modernize the
acquisition and logistics
infrastructure. A primary goal of the
NAVSEA CALS Program is the integration
of current Navy processes which have
become increasingly narrow and
discipline-specific with regard to the
acquisition, development, and
modification of technical and logistic
support data. Natural integration
processes that should exist in ship
design and construction have been
disrupted by existing methods which
resist change. Therefore, NAVSEA CALS
is not only concerned with the
successful development and transfer of
digital data, but with the development
of an Integrated Weapon System Data
Base (IWSDB). The IWSDB provides the
mechanism for establishment of an
integrated set of information during
acquisition or data base initiation and
for maintenance and sharing of that
data throughout the life cycle of the
weapon system. It requires integration
of the infrastructure processes to
assure that planning and support are
consistent with the defined engineering
configuration of the ship and weapon
systems.

The MCM Product Model is NAVSEA's first
IWSDB. The Product Model captures the
natural integration processes of
configuration baseline development,
digital design, engineering analyses,
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and logistic support data. It
demonstrates not only digital access to
this technical and logistic support
data, but also proves the technology
concepts behind integrating automated
processes to create, store, retriever

use and exchange weapon system
technical, logistics, manufacturing and
management information. NAVSEA's
implementation of CALS is intended to
maximize the total benefits to be
derived from this technology, and to
mitigate the negative impacts of change
in order to stimulate prompt acceptance
and implementation of actions.

NAVSEA APPROACH TO CALS IMPLEMENTATION

Acquisition programs of the 1970s and
1980s have been confronted with
continuously increasing costs, weapon
system complexity, and demands for
additional documentation. These
increases have resulted in the
acquisition, development, and
maintenance of engineering, technical,
and logistic support data becoming
increasingly narrow and discipline-
specific processes. This is due, in
part, to the fact that the
specification and receipt of
predictable, well-defined, established
products reduces the impact of change,
its associated risks, and its potential
costs. The change in focus rewards the
use and independent refinement of
existing, established methods to meet
restricted, not composite or integrated
supportability goals. It has resulted
in the loss of natural integration
processes that are present in ship
design and construction. This loss of
integration is manifested in some new
weapon systems, where, for example, the
initial introduction is plagued with
excessive down time, spare parts are
not available or do not match
maintenance concepts, costs of repairs
are high due to part usage vastly
exceeding failure predictions,
technical documentation and training
does not match the configuration of the
equipment, etc. Figure 1 shows the
multiple configuration baselines which
must be maintained for systems and
equipment design, construction, and
life cycle support. Throughout the
life cycle, information from all four
configuration baselines will be
required. To improve weapon system
productivity, quality, timeliness of
procurement, and life cycle support,
the information and products produced
from these baselines must be
integrated.

It should be noted that integration is
a fragile commodity. Establishing an
integrated set of information during
the acquisition process in no way
guarantees that integration will be

preserved. Preservation requires
constant, consistent, coordinated, and
knowledgeable attention and the
presence of a central integration
authority responsible for directing and
controlling the competing influences
resulting from dispersion of
responsibility for maintaining that
information. Thus, despite a number of
initiatives within NAVSEA, the
achievement and maintenance of the
integration of configuration,
engineering, technical, and logistic
information has been an elusive goal.

The NAVSEA CALS strategy conforms to
DOD CALS policy and supports a three
phased approach for CALS implementation
(see Figure 2). The first phase
(present to 1991) emphasizes applying
the latest CALS standards to achieve
uniform digital data flow. Phase II
(1992-1996) focuses on developing an
integrated and automated Navy
infrastructure to create, storer

retrieve, use and exchange digitial
data. By the year 2010, Phase III will
have promoted the widespread use of
CALS products and refined the
acquisition process and infrastructure
to use the latest technologies.

NAVSEA's approach to implementing CALS
technology is not intended to
fundamentally change the way the ship
is designed or to disrupt the methods
for development of specific data within
the shipyard (e.g., R&M calculations,
provisioning, technical manual
development, etc.). It is intended,
however, to capture the data that is
developed as a natural part of the ship
design and shipbuilding process, and
establish key relationships among the
data to ensure functional integration
of information systems and processes.
This will reduce or eliminate the need
for multiple iterations of the data in
redundant files, reduce the volume and
cost of deliverables, and improve the
quality, accessibility, and
responsiveness of the deliverables.

The NAVSEA CALS strategy also promotes
the modernization of the infrastructure
(i.e., headquarters and field
activities and organizations) that will
receive, review, store, and use those
digital data products. The breadth of
NAVSEA activities indicates the
enormity of the NAVSEA infrastructure:

l 63 Field Activities
l 32 Detachments
l 107,000 Military and Civilian

Workforce
Ž $26 Billion Annual Budget
l 300 Acquisition Programs
l 850 Foreign Military Sales

Cases.
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with computer generated drawings and
files which have reduced the costs of
performing traditional drawing
functions. This has not, however,
significantly altered the approach or
methodologies used to develop the final
products (e.g., the CAD concept of
"layering” closely follows the
traditional use of tracings to
integrate the design). Thus, 
integration of the ship systems with
the hull structure has been a difficult
process with system interference
causing significant increases in
redesign, rework, and cost. The
problem with these systems remains that
they are not fully integrated and may
have internal inconsistencies. The
initial versions of the 3D CAD systems
offer new perspectives and many new
enhancements and features, but continue
to be based on the traditional layering
concepts for construction of the model
and, therefore, continue to have the
consistency problems associated with
earlier 2D versions. A second problem
is that while these systems provide the
basis for the engineering baseline
during design and construction, they
are very large and may be somewhat
cumbersome for daily use in managing a
ship or class configuration baseline.

Alternate three dimensional modeling
technology uses various mathematical
programming to create a single,
relational, geometric model of the “as
designed,” “as built,” or some other
baseline condition of the ship. The
MCM Product Model uses this type of
technology to provide a geometric
engineering model of structural
components and ship systems. It was
created from 600-700 engineering
drawings provided by Petersen
Shipbuilding in Wisconsin. Figure 4
is an external view of the modeled MCM
ship. The main advantage of the three
dimensional modeling technique is the
ability to create an item or entity
only once and retain only sufficient
attributes to physically and spatially
describe the item within the model
context. These entities are then
related to the specifications,
standards, documents, and other data
that define the item and to the
analytical logistic, configuration, and
other technical data. Establishment of
these relationships document and
support the integration of the
engineering, configuration, and
logistic data.

FIGURE 4 - 3D View of Mine Counter-
measures (MCM) Ship
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Three projects have been combined to
produce the MCM 3D Product Model,
providing access to a variety of
information products and permitting!
identification of components, systems
and work packages. Figure 5 is a
graphic representation of the
capabilities and concepts underlying
the MCM Product Model. Equipment
components designed in the 3D geometric
model are linked to a central file of
current configuration and logistic
informartion maintained in a Weapon
Systems File (WSF) Prototype data base.
Access to an optical work station
comprises the third part of the Model.

Modeling began with hull and external
features, followed by the internal
structuring and development of the main
machinery room. The depicted systems,
equipment, and components were
developed directly from actual MCM
engineering data and technical
documentation; that is, the data was
not scanned in, but manually converted
into 3D. Any position or view can be
created, both external and internal to
the ship (see Figure 6). The Model
provides the ability to simulate a walk

through the ship a pace at a time, is
look right, left, up, or down, is
remove components that costruct vision,
and So forth. Figure 7 is a black and
white photograph taken of a Computer  
Color Monitor screen upon Which the MCM 
Product Model is being displayed. 
Although not apparent in the figure, 
color Coding of Ship systems and
structure is included in the model.
For example, two of the four diesel
engines are shown in dark red, green
ventilation pipes, yellow controlers,
and blue decking are also shown. The
Model can be uses to identify equipment
scheduled for removal for SHIPALTs,
indicate interference to be removed
(e.g., ventilation ducting), detect
equipment interference before 
installation at the waterfront, or
entertain “what-if” scenarios. Unlike
CAD systems, entities within the 3D
Model are coded by structure types so
that specific components or systems
rather than layers can be removed to
accommodate different views. Spatial
and other dimensional integrity of
individual equipment components are
retained in the Model for viewing or
manipulation, even though internal
structures and equipment are removed.



 .

FIGURE 6 - Four Views of the MCM Product Model

The fully relational Model provides you
access to the type of information
requested as it is needed. Each
component in the Product Model has been
assigned a unique functional
description and hierarchical structure
code (Expanded Ship Work Breakdown
Structure/Functional Group Code) which
permits integration and interaction
with respective technical and logistic
information stored in a remote
configuration and logistics data base.
Figure 8 shows the propulsion system.
Because of the integrating ESWBS/FGC,
the user is able to access the WSF
Prototype and retrieve pertinent
configuration and loqistics information
filed for the propulsion system. The
user could also begin inquiry with data
information in the WSF Prototype, and
then request a three dimensional view
of the appropriate equipment. The
integrating mechanism is the ESWBS/FSZ.
It also enables access to technical
data stored on optical disk, so that
for example, any technical manual can
be retrieved, maintenance repair
package reviewed, or engineering
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drawing examined. An enlarged drawing
of the engines is depicted in Figure
9. These documents have been scanned
onto optical disk and stored in raster
format.

CONFIGURATION AND LOGISTIC DATA SYSTEMS
MANAGEMENT

Each equipment component in the MCM
Product Model is linked to the WSF
Prototype for access to the appropriate
configuration and logistic data. 
Access to this central file eliminates
the need for many duplicative,
independent data bases to generate
various reports and products as
required by different users. The
configuration and logistic information
is logically divided into several
groups (or files) that support
efficient information management,
eliminate redundancy and duplication of
data, and ensure that all users have a
common, consistent information base to



.
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FIGURE 7 - Walk Through the Engine Room

use in executing their functional
responsibilities. The division of
information allows for management of:

 Žship class and ship
configuration baselines;

 ŽSystem and equipment baselines;
 ŽTechnical information (e.g.,

logistic support and analytic
data); and

 ●  The integration of class, ship,
equipment, and - technical
information (TI) with each
other as well as with other
files (e.g., three dimensional
model and image management
systems).

This approach to configuration and
logistic information management
decreases the number of unconnected and
inconsistently structured computer
files and replaces them with a system
that integrates data managed by a
variety of functional activities, makes
that data available to appropriate
users, eliminates duplicate data, and
avoids the potential data accuracy and
integrity problems. Each piece of data
stored in file must have an accountable

activity responsible for it
identification, creation, maintenance,
accuracy, and currency. Other fil
users provide quality assurance by
identifying perceived inaccuracies t
data managers.

The Product Model is the ke
configuration management an
integration tool because it defines, a
least at the summary level, al
configuration items that are containe
within the structure. Drawings are th
primary tool for establishment,
management, maintenance, and control o
the engineering configuration baseline
of ships, weapon systems, equipment,
and components. Use of CAD, CAM, thre
dimensional models and other automate
design, development, and storage medi
to supplement or replace traditiona
drawings is a key feature in the
development of an IWSDB. The Produc
Model provides relational structurin
of a geometric model with automate
linkage to:
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FIGURE 8 - Propulsion

● specific  entities, systems, and
areas within the hull
structure;

● Documentation and files that
define (e.g., specifications,,
standards, performance
requirements) and analyze
(e.g., R&M, test, weight and
moment studies, LSA) systems,
equipment and components; and

● Other related configuration,
logistic and technical data

The natural processes and relationships
which define the ship, its systems and
equipment by function, are integrated
in the Model with the physical
attributes that satisfy those
functional requirements based on
performance, specifications, and
standards.

INFORMATION INTEGRATION

System (ESWBS/FGC

system information through the use of
shared data bases. This is a radical
departure in both concept and practice.
Ship specifications, military and other
Specifications and standards,
performance specifications, and
operational requirements provide the
parameters for the development of
procurement specifications. They also
define the detailed design of systems
that integrate the shipbuilder’s
procured physical equipments and the
Government Furnished weapon systems and
equipments within the ship’s structure.
They provide parameters for analytic
processes and performance and
engineering studies. The following
engineering and logistic deliverables
are examples of typical data products
that can be prepared using the product
model:

Weight Reports
Test Procedures and Reports

Drawing Equipment Data List
Damage Control Diagrams

Compartment Areas-and Volumes
Material Ordering Schedule

20-9



.

FIGURE 9 - Optically Scanned Drawing

 Crew Training Aids
Drawing Schedule

 Electrical Load/ Power Analysis
List of Electrical Data

Figure 10 is a sample work package
which presents a bill of material,
piping isometrics, an internal view of
the equipment, and an external view of
the ship. All were retrieved from the
Model which exemplifies the integrative
nature of the Product Model.

of the Product Model with

To provide automated and responsive
access to graphic data and text many
of the documents have been raster
scanned and stored on optical disk. AS
much of the engineering, technical,
analytic, and logistic data is created
and presented in paper form, it is
bulky and difficult to handle, store,
retrieve, transmit, and update. This
applies equally to information that is
Government Furnished, procured from

vendors, and created by the shipbuilder

for delivery to the Government to
satisfy CDRL requirements (e.g.,
provisioning documentation, draft
technical manuals). Much of this
documentation is static or requires
only periodic update (e.g.,
specifications, standards, DIDS and
CDRLS, shipbuilder plans), while others
require costly, high volume submissions
(e.g., cost and performance reports)
with monthly or quarterly updates to
multiple users, while still others are
large volume documents that require
periodic update (e.g., drawings, test
plans, compartment closure plans). Use
of optical storage and retrieval media
with raster scanning can significantly
reduce both the time and cost of
preparing and transmitting data,
significantly reduce the volume of
files and data storage, and
significantly increase the
accessibility to, availability of, and
responsiveness of all or selected
portions of the data and data
deliverables.

The MCM Product Model represent the
successful combination, integration, 
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FIGURE 10- Sample Work Package

and interaction of three independent
demonstration projects. The combined
projects provide access to, extraction
of, and use of a variety of information
products and permit identification of
components, systems, and technical
data. The power of the Model is
demonstrated in the integration of
different data and processes for
production planning, configuration
management, logistic support, etc. It
also enables access to technical data
stored on optical disk to enable, for
example, retrieval of any technical
manual, examination of engineering
drawings or review of maintenance
repair packages.

WHERE DO WE GO FROM HERE

documents and implementation procedures
is key to the successful pursuit of
CALS. Examples of the types of
documentation to be developed are
described below.

Statement of work (sow).
Descriptions of the processes required
to produce and integrate the basic
types of data needed for and resulting
from design, construction., delivery,
and initial and follow-on logistic
support for operational units. The
sows should discuss methods for
consolidating and coardinating those
data into basic, intergated data bases,
provide methods for interfacing those
data bases and require the bidder to
define and describe his or her plan to
implement the procedures described and
to assess the costs and offsets.

There are three basic thrusts for DIDs and CDRLs. Descript  of
future MCM Product Model applications: the products to be developed and
documentation, assessment, and delivered. Implementation of these
demonstration. DIDs/CDZLs will improve operation or

reduce Costs of preparing final
products through reduction of redundars
requirements, reducticn of many

The development of contractual submission requirements (e.g., direct
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access to contractor files will obviate
the need for many reports), and through
the development of integrated files and
data structures.

Implementation I n s t r u c t i o n s .

Practical procedural instructions that
aid acquisition and life cycle
managers, engineering organizations,
and logisticians in planning for and
executing CALS responsibilities,
including interfacing with other IWSDB.

The conversion of contractor efforts
from their current paper-constrained,
discipline-oriented data development
and delivery processes will not be
easy. Impacts on cost, schedules,
quality, competition, and other factors
must be carefully weighed against near-
and lung-term realizable benefits for
the individual program and against the
requirements of an evolving and
increasingly automated life cycle
management system. Similarly, Navy
organizations must be able to receive,
process, and use the digital data
provided. While the need for
modernization of the infrastructure is
clear, the questions of how much is
needed, when, and where present a
formidable resource challenge that
demands immediate attention.

NAVSZA’S use of prototypes and
demonstrations, using live or actual
data and documentation and actual on-
site workers, has provided significant
insight and hands-on experience (e.g.,
real problems had to be solved in real
time and could not be assumed away).
This has proven concepts and allowed
for initial capability establishment
without significant investment. The
expansion of this concept to include
the establishment of a working model of
the MCM Product Model at the planning
yard, NSY Charleston, is being pursued
as the most effective method for
assessing the NAVSEA documentation and
resource requirements for full CALS
implementation.

CONCLUSION

The MCM Product Model demonstrates
integration of engineering, design,
logistic, production, and configuration
management processes. It also generates
a variety of products from the same
data base, including piping isometrics,
work packages (bill of material
combined with view of ship, system
and/or equipment), and damage control
diagrams. The Product Model not only
shows the feasibility of transferring
paper data to digital format; it also
assigns intelligence to shared or
common data, permits different ways of
accessing the same data, and integrates
various processes. As such, the MCM
Product Model demonstrates the

feasibility and affordability of
implementing CALS for delivered weapon
systems in a current environment with
semi- or non-automated systems and non-
integrated data.

The end result of CALS is the complete
transformation of the NAVSEA
acquisition and logistic infrastructure
to meet the challenges of automated
technology advancements and new data
management and networking concepts.
The MCM Product Model, together with
other CALS projects, have demonstrated
the viability of applying evolving
information integration and automation
technology to today’s processes.
Application of these tools will improve
productivity, maximize resources, and
at the same time accelerate
infrastructure modernization.
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ABSTRACT

This paper proposes the use of
information system models of production as a
tool to achieve rationalization and integration
goals and to create a learning organization. It
is shown that through use of these models it
is possible to identify cost-benefit ratios for
various rationalization and modernization
tasks, and to create an action plan for their
implementation. Proposed production
information model aims at reducing every job
into its smallest elements in the form of
processes and activities as well as
rationalizing the subjective concepts of
complexity, size, quality etc. through the use
of metrics. The paper also discusses the
increasing reality variance of accounting
systems and proposes the introduction of
single-factor and total factor productivity for
correct evaluation of operating performances
and of investment decisions. While the model
is generic enough to cover all eventualities, its
application to specific yards require additional
tailoring to reflect the effects of layout,
facilities, organization and labor resources on
the yard performance. The paper suggests
that adoption of such models avoids sub-
system optimization or importation of methods
and techniques which might have been
successful in some other operation and yet
may not be appropriate in given
circumstances.

1. PREAMBLE

During the 1970’s, at the early stages
of the decline of U.K commercial shipbuilding
industry, BMT (then as BSRA) was asked to
study the ‘state of practice’ in U.K. shipyards
which, in 1977, led to a major effort with the
title of ‘Advanced Technology Shipbuilding’.
One of the serious concerns of the project
was the role of Management Information
Systems (MIS) and its impact on shipyard
performance. This report resulted in a
comprehens ive report [1], reflecting the state
of affairs within that day’s understanding.
Since then periodical updates to the study
have been issued to reflect the changes in
technology, methodology and management
practices: This paper is a summarized
version of an update of the previous Studies

to account for the changes in information
technology and the emergence of a new
manufacturing management philosophy, [2].

The problem faced by the shipbuilding
industry is to produce a working design and
to build the product from this information in a
cost-efficient manner. The design of modem
ships, especially warships and submarines, is
a very complex process providing a
configuration design to house the shipboard
systems and equipment. During this process
a large body of information is created and this
information together with facility, yard Iayout,
material and coat data has to be captured,
analyzed and utilized in decision making for
the shipyard to operate successfully. The
volume, variety and complexity of this data
especially in the face of compartmentalized
thinking in various departments, may create
confusion and turn into a Iiability instead of
being an asset. The aim of this paper is to
provide an overview of total system
requirements, its components and their
functions with due emphasis on integration. It
is, however, to be understood that each yard,
based on its facililities, production methods
and management infrastructure, need to tailor
the system as there can be no universal
remedy valid for all shipyards.

2. THE NEED FOR RATIONALIZATIION
AND lNTEGRATION

Since the Second World War
manufacturing technologies, especially
shipbuilding steadily declined in U.S.A. and
U.K, gathering further pace since 1970. To
some this was the manifestation of David
Ricardo’s famous law of comparative
advantage ‘...that such an ancient and
labor-intensive item should rightly be
produced in countries whose workers had
simple manual skills and low wage rates.’
However, when high-technology companies
found themselves losing position to foreign
competitors (often from countries viewed as
followers and copiers rather than
technological innovators) the problem started
to receive more serious attention.

Wthin the context of U.S.A. and U.K
three alternative explanations have been
proposed. According to the first school of
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thought there was no real problem. The
difficulties being experienced by the industry
were simply the normal response of an
economic system to a series of external
shocks the maturation of certain “sunset
industries and the symptoms of an
accelerating transition to a post-industrial
service-dominated society [3]. This view
became increasingly difficult to detend as
industry after industry collapsed under the
pressure of Far Eastern competitors.

An alternative explanation suggested
that a serious problem existed and it was
primarily due to macro-economic policies.
The main causes being high interest rates
and a tax system that warped investment
decisions implicitly favoring consumption and
borrowing over saving and investment, and
residential construction over industrial
modernization.

A third school also believed that the
problem was serious and persistent, but
simply correcting some of the obvious
inconsistencies and imbalances in
macroeconomic and industrial policies would
not be sufficient to restore the industrial
competitiveness. The main problem laid in
the areas of manufacturing management and
technological development [4]. Within this
explanation, when one Iooks upon something
as a Iiability, not as an asset, it tends to
change management attitudes. One manages
around it, not through it. It receives less of
the corporate resource allocation with
predictable consequences. Equipment runs
down, buildings get old and dirty, and
workforce relations get even more strained.
In an effort to regain control, management
installs more sophisticated central control
systems which tend both to increase the
overhead costs and to stifle innovation.
Power and expertise increasingly migrate from
the factory floor to the corporate accounting
room. The prime motivator becomes the fear
of failure and punishment. A downward spiral
of performance, confidence and investment
follows, leading to the closure of plant.

This trend can be reversed and recent
resurgences in some manufacturing
companies through rationalization and
integration is the clear proof of potential of
constructive action. Rationalization, in the first
instance, require that management should
focus on organization’s resources, capabilities
and energies on building a sustainable
advantage over its competitors along one or
more dimension of competitive differentiation;
relative cost, relative quality, and relative
innovativeness. Once it has been decided
what kind of competitive advantage the
organization iS going to seek, it has to
configure itself to achieve and continually
enhance that competitive advantage. This
requires making a series of coordinated
decisions of both analytical and infrastructural
nature. Analytical decisions refer to matters
where estimates can be made, such as

how this capacity should be broken
up into specific production facilities,

what kind of production equipment
and systems should be adopted by
these facilities,

which materials, systems and services
should be produced internally and
which should be sourced from outside
organizations. including the degree of
relationship with suppliers.

By infrasture, on the other hand, 
refer to management policies and system
which are used in the implementation of
analytical decision. These are:

Human resource policies and
practices, including training and
management selection,

Product and process development
policies,

Capital investment policies,

Performance measurement and re
systems,

Organizational structure design.

Integration on the other hand
eliminate companmentalized thinking,
increases communication and awareness,
encourages standardization and design fo
production and reduces redundancy and
duplicity. Within a large organization one
identify four levels of integration: design, d
decision and organizational integration.

Most organizations believe that th
have successfully implemented a new
operating technology when the system is
working without serious bugs, reliably and
new technology has a high utilization rate.
However, this definition ignores the most
important reason behind the implementati
of a new technology value for investment.
One can therefore propose two levels of
success in the implementation of technolo

Technical success

Realization of benefits
(economic success)

Technical success generally refers to
reduction in errors and effort requirement 
to the elimination of paper-driven steps, a
growth in enabling capability and functional
Economic success, on the other hand, imp

Realization of productivity increase
(e.g. reduced labor, increased
throughput. reduced cycle-time, etc

Realization of non-proctuctvity bene
such as reduced lead-time, quality
improvements, increased flexibility,
cost-effecutive design. etc.

the amount of total production
capacity.
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Translation of these benefits into
competitive gain (value).

Various SurveyS conducted in different
segments of the manufacturing industry
indicate that successful design and data
integration generally leads to technical
success with only limited economic benefits.
The real competitive advantage comes with
the decision and organizational integration.
However, unless design and data integration
is complete, decision and organizational
integration cannot be achieved successfully.

Achievement of these goals “require
time and investment. Figure -1 illustrates
time and cost implications of integration
where design integration is included within the
data integration. Successful implementation
of rationaliation and integration relies heavily
upon the design and operation of a
distributed data collection, analysis, planning
and control systems and the establishment of
a data base and an information system
satisfying these requirements, which contains
at least three levels of information covering
strategic, functional and operational aspects
and appealing to the needs of different tiers
of the hierarchy (see Figure 2). in a larger
organization strategic information of one tier
may well become and operational level
information of a higher tier.

3. SHIPYARD lNFORMATION SYSTEMS

During the evolution of the
shipbuilding industry each shipyard has

l -
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developed its own systems by which to plan
and control its operations. These systems
varied from yard to yard, each being
developed according to its own needs. Small
yards building simple vesseIs with only a few
hundred employees sometimes relied largely
verbal communication whereas large yards,
perhaps spread over a number of separate
sites, and employing many thousand of
workers needed to resort to a more formalized
approach by instituting standard forms,
standard reports, uniform collection of
manhour data etc. Invariably, the larger
companies use computers as an aid to
handling information.

However, despite the wide spectrum
of systems found in the industry, it is felt that
the objectives underlying those systems
correspond to a common framework of
requirements and it is the development of this
into a set of minimum requirements, with due
emphasis on planning and evaluation, that
has been the object of this work. The
existing systems have been examined in detail
and the essence of each of the various
functions extracted. From this it has been
possible to identify a number of system
modules, i.e. routines or procedures each with
a well defined purpose, and with inputs and
outputs which are recognized requirements for
planning and controlling the functioning of a
shipyard.

As an aid to clarity of presentation
these system modules have been grouped
together into seven main functions. These
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functions correspond to established shipyard
practices but a clear distinction must be
drawn between activities which are carried our
within each function, and any departmental
structure which may be found in a particular
shipyard. Only by recognizing this distinction
will it be possible to correctly assets current
systems and procedures in order to discover
areas in need of improvement. These main
functions are

CONFIGURATION DESIGN: TO
create a ship configuration with all of its
elements and to analyze its functionality to
ensure the proposed design satisfies the
attribute requirements and accommodates
producibility demands of the shipyard.

PLANNING: To set dates, targets,
and cost and quality implication which will
ensure compatibility between the requirements
of production, the availability of resources end
technical information, and the limitations
imposed by financial and contractual
obligations.

PRODUCT DESIGN: To convert
configuration design into a detailed product,
to identify and specify the total material and
equipment required for the construction of a
ship, and to prepare technical information to
meet the requirements of production.

MATERIAL CONTROL To procure all
materials and services for the construction of
a ship and operation of a shipbuilding
business at economic cast to meet contract
requirements.

Production ENGINEERING: TO
define, in conjunction with planning the,
building methods and units of work for the
construction of a ship, to define the sequence
of operations and the material requirements
for each unit of work and to collate
production information for each unit of work.

Production CONTROL To initiate
the production process by means of a short
term schedule, having regard for the
availebility of material end status of work in
progress.

MANAGEMENT ACCOUNTING: TO
accumulate and collate all data relating to
labor, material ard overhead costs for a
contract and present reports for control
action by management.

Three important supporting functions
are also identified as “cost/value engineering
financial accounting’ and ‘personnel. The
purpose of the definitions is more es a
descriptive aid to the reader es opposed to a
definitive statement or constraint. From the
viewpoint of shipyard efficiency cost and value
engineering provides a critical role both in
terms of the selection of the appropriate
building strategy as well es the utilization of
resources, by linking design, planning and
prodution engineering functions.

It must also be stressed that the
grouping of the system modules into
functions has bean done on the basis of the
work done in each module. Thus the
planning function contains all the elements of
planning even though done at widely varying
levels of detail In structuring the system
modules it is essential to reduce the
description to a level which corresponds to a
function within the yard with a defined action
and information flow logic as shown in
Figure -3.

A useful format to adopt is to show
the function within which the module lies, the
title of the particular module and its objective
and then to consider three elements of each
module. The first essential element is the
input data required if that module is to
operate. This itself is divided into internal and
external information. Internal information exists
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within, or is generated by the function, i.e.
files of data reference information etc., or the
expertise or experience of personnel. External
information is generated as output from other
system modules and transferred physically or
verbally between the modules. In many cases
(where advanced computer systems are in
use) this transference of data may be
achieved by many modules having access to
the same database.

The second element is the output
from the module. As with the input the
medium of transfer is not usually specified,
but in many cases will be an organized
database system. This does not, however,
exclude other forms of communication.

The third and last element described
for each system module is the method. Only
an outline of the method is given because the
nature of the shipyard will, in any
implementation process, determine the precise
details. Some methods will probably always
remain manual, while a great majority will be
achieved by the use of computers, especially
where accuracy and rapid operation on or
transfer of data is required. This concept of
presentation, together with the connectivity
diagram, is illustrated in Figures 4 and 5.

The concept of defining groups of
operations or tasks as ‘work units and
referring to the same units for planning,
material status checking, progress monitoring
and cost monitoring is a common theme in
several of the system modules. The work unit
concept is already widefy applied for
stealwork fabrication and outfitting where
typically one or more steel blocks and their
outfit elements are treated as work units. The
definition of work units will vary from one
shipyard to another and from one ship type to
another depending on the way the work is
organized. The general definition of work unit
may be stated as: 

A sat of production operations or
tasks grouped together for cost-
efficient production and assigned to
be  So, for the purposes of planning
and control

There must be a recognizale and
definfitive start and finish for every work unit to
facilitate progress monitoring and there must
be clear responsibility for each work unit at
‘shop floor or trade management level
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4. RELATIONSHIP BETWEEN DESIGN
AND PRODUCTION

Historically, marry shipyards employed
a compartmentalized approach to design and
production, segregating these functions from
each other. in fact, in some shipyards
drawing production and design are
considered to be the same thing. In the
present era of rationalization and integration
one of the very first issues to be settled is to
define the function and interrelationship of
each activity to ensure cost effective
operation. Within the context of shipbuilding
design refers to the genertion of a
configuration and product, satisfying all the
functionality requirements in a cost efficient
manner. Here, configuration design refers to
the top-down stage of the design where each
component or system is defined and analyzed
to satisfy the functionality requirements, just
like defining the main bone structure and
organs of human body. Product design then
operates on configuration design to add the
necessary details and information, and
reduces if to an assembly of elements, each
in a producible or procurable state.

During the configuration and product
design, a large number of production
decisions are implicitly or explicitly made.
Historical data on cost saving potential vs.
cost to change indicate that earlier
consideration of the cost and producibility
provides the maximum gain, as depicted in
Figure 6. However, achieving this end
requires development and establishment of a
cost effectiveness analysis.

Cost effectiveness within the context
of this paper includes value analysis end
value engineering. Value, for definition
purposes, is the fair equivalent in services or
commodities that en owned/buyer receives in 

exchange for money. "VaIue Engineering
(VE) is a creative, organized approach whose
objective is to optimize cost and/or
performance of a facility or system. The VE
approach is directed toward analysis of
functions. It is concerned with elimination or
modification of anything that adds cost to an
item without contributing to its required
functions. During the process all the
expenditures relating to design, construction,
maintenance, operation, replacement etc. are
considered (see Figure 7). Such an

I
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evaluation relates to the Iife  cycle
considerations which represent continual
activities involving design, evacuation,
production, comparison and modification.

Through the use of creative
techniques and the latest technical information
regarding new methods, strategies, materials
and processes, alternate solutions are
developed for the specific functions.

Cost effectiveness aims at the efficient
identification and removal of unnecessary
costs, i.e. costs which provide neither quelity,
use, Iife, appearance, nor customer required
features. It improves the effectiveness of work
that has been conventionally performed over
the years, by filling in blind spots. Once a
high cost area has been isolated, quite
commonly 15 to 25 per cent, and very often
more, costs can be removed. As such, it is
not:

just eliminating the “gold plating’

cutting costs by substituting items,
processes, materials, and systems
which do not meet the requirements

cutting costs by degrading
performance, maintainability, or
reliability below the requirements

reflecting adversely on the
professional competence of the
designer.

me techniques employed in value anatysis
are not new when taken on an individual
basis (in fact we have been overwhelmed by
fragments of knowledge but have had no way
to structure this knowledge). What is new is
the systematic end structured approach which
converts observations and data into
information end knowledge to be used in the
analyses to be performed. Cost effectiveness
is concerned with both the economic and the
use values. Use value, or the properties and
qualities which satisfactorily and reliably
accomplish a use, is closely related to
function. Performing a function based value
analysis is to determine the usefulness of any
item or element whereas traditonal cost
reduction efforts give Iittle thought to
functional considerations of the user’s need
and attempts to perform an item-oriented cost
reduction.

To facilitate a functional analysis, the
function of any item, component or design is
defined Iiterally by two words: a verb and a
noun.  For example, the basic function of a
hatch cover is to ‘control access’ - control is
the verb, access the noun. Similarly the
function of a wire is to “conduct current; that
of an elevator to ‘convey weights. Here, the
verb answers the question, What does it do?
This question focuses attention on the
function rather than on the particular design
and the subsequent function analysis
involves thinking about why an item is
necessary, rather than thinking about the item
itself (see Figure 8).

Since a specific monetary value may
have to be assigned later during the process
of relating cost to function the type of noun to
be used is important. A measurable noun
together with a verb provides a description of
a work function (e.g. transmit load, support
deck, store waste). Function definitions
containing a verb and a nonmeesurable noun
are classified as 'sell' functions. They
establish qualitative statements, e.g. satisfy
code, provide symmetry, assure convenience.

The technique of stating function
using a verb-noun helps to reduce a problem
to its fundamentals. The advantage of the
approach are

Forces conciseness. If one cannot
define a function in two words, either
there is not enough information or one
is trying to define too large a segment
of the problem.

Avoids combining different functions
and ensures that only one function will
be defined at one time.

Facilitates the task of distinguishing
between primary and secondary
functions.

Aids in achieving the broadest level of
disassociation from specific design or
previous solutions.

Once the function-item relationship is
established, functional analysis can be
performed. me first step in any functional
analysis is to classify the verb-noun function
as either prime or secondary. The objective
is to use an organization  methodology to
determine if there are functions that are
unnecessary, overly expensive, or can be
combined. The purpose is to simplify the
logic in design, leading to making items less
expensive.
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‘Prime function’ is the performance
feature(s) which must be attained if art item or
design is to work or to meet the owner’s
requirements, The item may be a facility, a
system, piece of hardware or software,
service, method or procedure. Art item may
possess more than one basic function. For
example, a superstructure bulkhead cart be
functionalized as “enclose space” and “support
load’. If the bulkhead is for an internal sub-
division its ‘support load” function can be
fulfilled by other means, hence its prime
function is to  "enclose space”, the other being
a secondary function. “Secondary function”
is any characteristic of an item which is not
essential to the user for the desired
application of the item and does not
contribute directly to the accomplishment of a
prime function. In some cases secondary
function performing items may result from
honest wrong beliefs and assumptions, or the

Perpetuation of obsolete requirements.

Unless an item in question has also a
prime function, for function analysis purposes,
most secondary functions have zero use
value, Secondary functions are support
functions and usually result from the particular
design configuration. Generally, secondary
functions contribute greatly to cost. Where
secondary functions are essential to the
performance of the prime function, or required
by codes, they have value.

Functional Analysis System Technique
(FAST). AS a rule functional analysis in
design is performed from the top down. The
relative  position of an item in the total design
is tailed its ‘level of indentation”. If the
function of the total design is dependant upon
the indented item, the function is prime, -
otherwise secondary. Functional analysis may
be applied to all indented items, regardless of
their function.

For study purposes, functions of
secondary indented items are potential
candidates for saving. However, when
looking at the overall design and life-cycle
costs, many secondary indented items may
have essential functions in terms of
maintenance, operations, safety or
environment.

Level of indentation is derived by the
ladder of abstraction method which has been
developed as a thought-forcing process.
Asking the question, Why? drives one’s
thinking up the ladder into higher order
functions. Asking the question How? forces
the thought process down the ladder of
abstraction into lower order functions. A
formal process of generating level in
indentation through the use of level of
abstraction is known as Functional Analysis
System Technique (FAST). Use of FAST
involves a function block diagram based on
the answers to What? Why? How? The result
is a hierarchy of functions showing their
logical relationship. Within a FAST diagram
the answer to the “How” question should lie to
the immediate right of the function, and the
answer to the “Why” question should iie to the

immediate left, about which the question was
asked In this way a chain of verb-noun
function description is obtained which links
the prime function to sequential supporting
prime functions. However, for these functions
to exist, a number of support functions need
to be performed. if those support functions
are required at the same time (i.e. concurrent)
they are fried below that function, connected
with a vertical line, forming a vertical chain of
functions. Some support functions happen all
the time and they are placed above the main
horizontal function chain. Design Criteria and
Codes are treated as ail the time support
functions. Scope fines determine the limits or
the study, and the prime function under study
always lies to the immediate right of the
higher order scope line (see Figure 9).

Through the use of FAST diagrams
one can identify all the prime functions,
required and other secondary functions, and
the analytical cost effectiveness procedures
may then be applied.

Analytical Evacuation Procedure. The basic
procedure of a cost effectiveness study is the
function-worth-cost approach. For each
major prime function all the related items and
their functions are listed and identified as
prime, required secondary and secondary.
Cost of each item is calculated and added
together to determine the cost. Then the
worth of each item is determined and added
together to calculate the worth. Worth is
defined as the lowest cost to perform the
prime function and required secondary
functions in the most elementary level
feasible, within the state of the present
technology. Other secondary items are
assigned to zero worth. in general, worth can
be established from an analysis of historical
costs, using collected costs for items
performing similar functions. Worth may or
may not be equal to cost for the same
function can be performed more cheaply by
other means.

Functional analysis item list is then
completed, and estimated cost and worth for
the function are determined. The cost/worth
ratio provides an indication of the efficiency of
a design or item. Experience gained in the
fields of process and civil engineering suggest
that when the cost/worth ratio is greater than
two, there may be a fair potential for
improvement.

Once a function is a candidate for
potential savings, atternative ideas are
generated and evaluated in the same manner.
In the generation of new ideas the aim is to
reduce the deficit between the cost and the
worth. Some of these ideas may be
impractical and eliminated on various
grounds. The final decisions, however, are
made by considering the fife cycle costs.

Life Cycle Cost Methodology. Life cycle
costing (LCC) iS an economic assessment of
an item, area. system or facility considering all
the significant costs of ownership over an
economic life, expressed in terms of



equivalent money. Life cycle cost analysis is
defined as LCC plus use of a non-economic
adjustment of results using utility evaluation
techniques. Non-economic considerations
include performance, safety, environment, etc.
Because the expenditures are spread across
different points in time, a ‘baseline’ time
reference must be established and all the
COS:S should be brought back to the baseline
using proper economic procedures to develop
equivalent costs.

To perform a LCC analysis information
regarding the facility economic fife, the
anticipated return on investment, cost of
money, and operation modes, as well as non-
economic requirements such as performance,
safety, etc, must be determined. With this
information one can carry an analysis of
several criteria, including economic and non-
economic factors, each carrying a given
degree of importance (weight) depending
upon the circumstances of the project. Within
this context decision making becomes a utility
assessment process. At present a large body
of knowledge and techniques are available for
use. Because of its simplicity and other
advantages, especially least dependence on
data availability, makes simple ranking
methods (weight assignment) the most
preferable approach to be adopted.

Weight evaluation provides the tools
for complex decision making through a
formally organized process for the selection of
optimum solutions in areas involving several
criteria. In the process, criteria are assigned
differing weight values according to their
potential impact on a project. The alternative
designs are then evaluated against the
criteria. During the evaluation process, it is
important to consider and weigh the following
issues:

needs vs. desires
important vs. unimportant
trade-off vs. non-trade-off

The procedure for weighted evaluation
consists of two stages: the criteria weighting
process and the analysis process. The
criteria weighting process (Figure 10) is
designed to isolate important criteria and
establish their weights or relative importance.
In the analysis phase. performed through a
matrix analysis (Figure 11), each alternative is
fisted and ranked against each criteria. The
rank and weight of each constraint are
multiplied and totalled. The alternatives are
then scored for recommended implementation.

In criteria weighting, only those criteria
which have significant impact in comparing
afternatives should be listed. In addition,
criteria should be unique and not overlapped
by other criteria of similar properties. For
example, reliability, maintainability, and proven
quality have too many overlapping properties:
only one should be listed.

Having determined the criteria to be
used, the next action is to compare them and
establish their relative significance. The
degrees of significance are ranked as slight,
minor, medium, and major preference. When
a decision of importance cannot be made
between two criteria, the two criteria can be
indicated as equal by using both fetters in
scoring the matrix and by scoring each at one
point.

To standardize the weighted
evacuation process, the raw scores are
converted to a scale of 0 to 10 as the
normalized weights, ten being the criteria
receiving the highest raw score.



The matrix analysis is designed to
take the criteria and weights developed and
to establish a format for evaluation of the
response of various alternatives against the
criteria. Total weighted evaluation scores aid
the decision-maker in the selection of best
alternative. The input data consist of the
criteria weighting process results and the
alternatives under consideration.

5. COST ENGINEERING

Cost Structure. Since costs are the whole
foundation of a cost effectiveness study, cost
modeling and cost estimating form one of the
most important part of the study. Estimation
depends on the available design information
and it has to follow the same stages with the
engineering design; i.e. concept, preliminary,
contract and detailed stages. Cost estimating
is the rational application of quantitative
methods to problems of estimating designs.
The modifier rational suggest the
establishment of correct cause-effect
relationship as well as the satisfaction of
accuracy requirement with due account for
the difficulty in obtaining accurate and
useable data

Two essential elements of cost estimating are
a rational cost breakdown structure and
rational cost models for cost elements.
Rational cost breakdown is an integral part of
the overall technical database management
system. The most critical element in cost
breakdown is the presence of a logical
structure in the form of hierarchies such that
as the design progresses lower levels of the
hierarchical structure are introduced into the
estimation process. Such an approach
necessarily leads to a direct reference to
basic items in their lowest level and require
the establishment of a knowledge base.

Cost Models. Cost estimates may be used
for two purposes;  to serve as a tool of the
cost effectiveness analysis (as a guide for
choosing amongst alternative designs), and to
determine an actual budgeting requirement.
The aim is to use the same cost models to
serve both purposes, however in practice,
different cost models are used for each of
these purposes. The need to include value
and cost considerations for the entire life
cycle also demands consistency of cost
models employed in different stages of design
and construction, such that trends predicted
in concept design level will not be
contradicted in the later stages of the design
and construction.

Although various classifications are
always possible, based on their logical
structure three major types of cost medals
can be distinguished: (1) intuitive models, (2)
correlative models, and (3) causal models.

Intuitive cost models employ simple
design characteristics to apply quantitative
reasoning. A typical cost model of this type
is costing by weight groups, using past data.
Correlative cost models interrelate several
variables on the basis of past information,
generally by means of a multi-variable
regression. As such, these models are
mathematically more complex than the
intuitive models. They may produce more
accurate cost estimates, but they are not
necessarily any more insightful. Causal
models are designed to represent the effects
of some variables caused by changes in the
others through a cause-effect analysis.
Therefore causal models cannot be obtained
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solely by a mathematical manipulation of data
like a regression analysis. Their development
requires a deliberate causal structuring, based
upon either a formal theory (i.e. system
identification), or at least some plausibility
arguments and a strict validation process.

The major difference between the
causal and other models is its ability to
forecast as well as predict, i.e. incorporation
of changes in technology, materials, methods
and environment to anticipate how these
changes may affect the future.

One feasible way of achieving a
causal model is to define product, process,
size and complexity metrics to reduce
subjectivity and arbitrariness. Metrics are
objective and algorithmic elements for the
measurement and quantitative estimation of
product features in relation to a product
model. As such they can be used in
estimation of cost, size, quality, complexity
etc. For example, complexity of a hull system
can be expressed using “Cyclomatic
Complexity Number (CCN)1 employing a
decision flow graph (see Figure 12).

l 1 This deflnition has been borrowed by cybernetics.



6, RELATIONSHIP BETWEEN
SHIPYARD MANAGEMENT
STRATEGY AND INFORMATION
SYSTEMS STRUCTURE

Since the early days of industrial
resolution the method of shipbuilding and its
management have undergone considerable
changes. Until the end of the Second World
War artisan  mode of operation and hands on
personal leadership, based on the know-how
of the master, were the basic principles of
operation and management. This structure
was replaced by graduate managers and
strong central control, which largely led to the
downfall of Western manufacturing industries
by stifling innovation and by creating top
heavy organizations. Since early 1980’s a
number of manufacturing industries have
moved to a new style known as the ‘learning
organization’, by studying and adopting (not
copying) the approach adopted by the
successful Japanese manufacturing
companies. Table -1 displays a comparison
of the two approaches, the major differences
being the adoption of a graduated control
system and worker participation.

Adoption of a graduated control
system require the implementation of a
distributive information system where the
operational data is collected and analyzed
locally on the shop floor to provide immediate
information and to determine the necessary
action. In such a system information needs
to travel both upwards and downwards,
necessitating flexibility and extendibility as the
worker participation will tend to improve
evolving tasks and alter the information
requirements.

Within this context definition of
productilvity and its measurement require
special attention. In the first place it is to be
understood that total productivity evolves from
the amalgamation of a number of factors (see
Figure - 13); some of these factors are
outside the direct control of the shipyard,
some others are dependent on the
organization end operation of the shipyard,
and yet the most important factors relate to
the ship design and shipyard facilities and
production technology. It is incorrect to
assume that workers are only elements to
measure productivity.

A meaningful approach for the
measurement of productivity is the
introduction of single factor and total factor
productivity indices, [5]. Here, single factor
productivity (SFP) refers to the ratio of output
of a product and the input of resource, e.g.

SFP A-2 Output of A/lnput of Resource 2

It is important to note that here both A and
Resource 2 are in raw variables. In the
definition of total factor productivity (TFp)
inflation adjusted percentage contribution to
cost appears as a weighting factor, i.e.

TFP =  (Inflation Adjusted
Parcentage Contribution to Cost).SFP]:
Change in SFP and TFP provides a realistic
vehicle for the evaluation of performance and
for the diagnosis of problems. Figure 14
illustrates four of many potential trends which
can be detected from such an analysis.

A shipyard information system
designed to capture and anaIyze this Ievel of
productivity data will not only assist in the
achievement of performance improvement



but also be able to capture and predict the
effect of learning (both capital and non-capital
related) on productivity improvement. Such a
knowledge base will help the corporate
management in the planning and justification 
of further capital investment. In a large
number of investment planning studies this
effect is totally ignored as a consequence of
the generally acceptable accounting practices
(GAAP). Figure -15. displays the total factor
productivity improvement in a fabrication plant
over a period of ten years, where nearly half
of the improvement is due to the capital
related learning effect.

Information management starts with
the premise that the key information in an
organization can be identified and cataloged.
Converting the data “into information is the
main aim of capturing and retaining data.
Increased use of computer applications
increases the amount of data in such a way,
if it is not managed in a meaningful manner, it
can quickly turn into a Iiability. Therefore it
becomes necessary to create information
about the data in the organization, known as
“metadatas. An efficient method of organizing
the metadata is the use of data dictionaries.

The data dictionary system can be
viewed as a postcode system, knowing where
all the data are, their cross-relationships anti
hierarchy, and the methods of access and
updating. It constitutes the constitution of
shipyards’ data processing environment. The
main functions of a data dictionary are:

l Identification of entities that enter into
the system, and the association of
these entities.

l Establishment of naming standards
and guidelines

l Provision of information on the
availability of data for shared use.

Overall planning for applications so
that data duplication is avoided
wherever possible.

Provision and enforcement of security
procedures.

Provision and implementation of
procedures to maintain the integrity of
databases.

Success of data dictionary system in
a shipyard largely depends on its relevance to
the activities of the shipyard, consisting of two
main tasks. The first task consist of
establishing a comprehensive list of agreed
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definitions of data. The result is analogous to
an ordinary dictionary. The second task,
coding and classification, is complementary to
the first and consists of establishing an overall
organization of the data items (classification)
and then providing effective means of
identifying the place of each item within an
overall indentation structure (coding). A close
analogy here can be made with that of setting
up bibliographic system, such as Dewey
Decimal System used in many libraries. U.S.
Navy’s extended PWBS provide a reasonably
comprehensive list of ship items. It however
does neither contain the purpose of use, e.g.
costing, standards, specification, design, etc.,
nor does it relate to production related
activities and processes. An alternative is the
BMT coding and classification system, which
satisfy these additional requirements but
require further updating.

The major advantages of employing
such a coding and classification system are
the ability to link up with the design and
production processes, work content and
building logic, group technology and sorted
bill of materials. This system also allows for
embedding standards and procedures into
the database system and make the design,
production, installation, quality and
acceptance as standard/procedure driven
actions.

7. POTENTIAL APPLICATION IN U.S.
SHIPYARDS

Each shipyard has certain
characteristics in their use of information
systems that are unique to that shipyard.
Their future development of systems will be
governed to some extent by the nature of the
shipbuilding market they are operating in.
Each shipbuilder can make an assessment of
their systems relative to the requirements and
desirable presented in this paper, and
identify those aspects that are significantly at
variance with the logic and the approach. It
is hoped that the issues raised in this paper
will be assistful in the adoption of information
technology models within the U.S.
shipbuilding industry. A typical logic of such
an application is illustrated in Figures 16 and
17.

Achievement of a satisfactory and
economically beneficial information system
demands investment and takes time to be
functional. As such, if requires the
commitment of the highest level. Taking
shortcuts and development of disjointed
elements are the biggest dangers on the road
to success. Involvement of workforce in the
design, development, consolidation, and
operation of the information system is a
critical factor to make the system workable
and acceptable.

It is the belief of the present authors
that successful resolution of this issue is one
of the key elements in the revival and growth
of the U.S. Naval and Commercial
Shipbuilding industries.
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Figure 1. TQM ORGANIZATION STRUCTURE

MAJOR INFLUENCES

TWO philosophies have impacted
Pearl Harbor’s TQM effort, Dr. Deming
and the Japanese concept of TQC. Dr.
Deming’s philosophy has two components,
the Task side and the People side.
The Task side is reflected through
Principles #3 and #5. Principle #3
states, "Reduce mass inspection by
building quality into service and
product [3].” A quality
service/product comes from a quality
process. Therefore, quality
improvement comes from process
improvement. This expands the focus
of problem solving to looking at the
entire process that creates the
service/product from the design phase
all the way to usability of the
service/product in the customer’s
hands.

Principle #5 states, “Constantly
and forever improve the quality of
product and service [3].” This
principle introduces the concept of
continuous improvement through the use

of statistical methods and the
application of thePDCA (Plan-Do-Check-
Act) Cycle. PDCA is what Deming gave
Japan, the relentless and continuous
improvement of product and service.
Those that stand still will be
surpassed by the competition. The
Shipyard’s goal is to create an
environment where every employee is
constantly thinking of ways to improve
the way the Shipyard does its business
and is actively involved in creating
the improvement. TQC promotes Daily,
Cross Frictional, and Policy
Management. Daily Management focuses
on department or vertical quality
improvement activities. At Pearl
Harbor this is accomplished through the
44 Quality Steering Committees (QSCS)
which steer and drive quality
improvement efforts in each Department,
Office and Shop as shown in Figure 1.
Cross-functional activities can occur
in three ways. First, Department Heads
working in conjunction with their QSC
may identify a critical process that
needs improvement. Critical processes
are selected based on their inability
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to meet quality, cost, and schedule
requirements and usually cross
department boundaries. In this case,
a Cross Functional Team is selected to
work on these types of processes. Team
members are assigned from the Trades
and Codes involved in the process.
Second, the TQM Policy Committee, under
the chairmanship of the Shipyard
Commander, may identify critical
Shipyard processes that are adversely
affecting ship overhaul. These
processes have high pay back potential
and also include numerous trades and
codes. Team members are formed to work
on these processes. Third, Cross
Functional projects are a part of the
many goals and objectives of the
Shipyard Operations Plan.

TQM STRATEGIC OBJECTIVES

The following strategic objectives
are firmly embedded in the TQM
implementation process:

Customer focus.

The concept of customer is at the
center of all quality improvement.
The customer determines the quality
requirements. The external customer’s
needs of quality, cost, and schedule
are met by improving Shipyard processes
and meeting the needs of internal
customers. In Dr. Ishikawa’s words,
"The next process is the customer [4]".

Everyone is involved.

For TQM to work, all Departments,
all organizational levels and all
employees participate. If everyone is
involved in improving quality, quality
will, in fact, improve. If quality
improves, cost decreases and
productivity increases.

Leadership and respect for people.

Leaders coach, actively listen, use
consensus when appropriate, remove
barriers so employees can develop pride
of workmanship, promote two way
communication, build trust, and provide
training, proper tools, equipment,
materials, and software.

Making decisions based on facts.

The foundation of quality
improvement is based on the use of
statistical methods to improve shipyard
processes. The Quality Control (QC)
Story process provides all improvement
efforts throughout the shipyard a step-
by-step process to improve quality.
A team's ability to follow and learn

this process is fundamental to TQM 
success.

Long range planninq.

In order to move away from “crisis
management” as an everyday occurrence,
the Shipyard must get its many
complicated processes in control. This
begins by establishing a 5-7 Year Plan.
The next step is to develop a 1 Year
Plan that includes all the key goals
and objectives that are to be met in
the coming year.

Finally, to work every day to
achieve those goals.

ORGANIZATIONAL STRUCTURE (See Fig. 1)

The following organizational
structure provides a framework that
decentralizes the quality improvement
effort:

Shipyard commander.

Provides top down leadership and
serves as a role model, chairs TQM
Policy Committee, kicks-off every TQM
training class, reviews process
improvement presentations twice weekly,
makes TQM presentations to outside
customers/activities and reviews
progress on the 1 Year Goals and
Objectives (Shipyard Operations Plan)
on a weekly basis.

TOM Policy Committee.

Steers and drives the shipyard TQM
effort, develops policy, members are
Advocates for the 14 Quality Management
Principles, and meets weekly.
Continually applies the QC Story
process to improve the four TQM
components of Policy, Process,
Principle and Daily Management.

TOM Office.

Develops, schedules, and contracts
for TQM training, works with Code 180
(Training) to coordinate TQM training,
schedules, facilitates Process
Improvement Team (PIT) presentations
to the Shipyard Commander twice weekly,
reports quarterly on PIT activity and
progress, administers and publishes
Shipyard operations Plan (1 Year Goals
and Objectives), administers and tracks
progress on specific shipyard goal of
Implementing TQM", and promotes and
publicizes TQM activities/successes.
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Subcommittees (three).

Identify and remove barriers to
Deming's 14 Principles. These
Principles provide the organizational
values necessary for a successful
quality driven organization. Each
Subcommittee is assigned 4-5
Principles. Subcommittees work
directly with the TQM Policy Committee
Advocate responsible for each Principle
and develop recommendations and POAMS
to remove the barriers.

Quality Steerinq Committees (QSCs).

The line organization is
responsible for implementing and
institutionalizing TQM. Quality
Steering Committees are the most
important element in making TQM work
in each Department/Office/Shop. There
are 44 QSCS in the shipyard at present
that steer and make TQM a reality.
There are three levels in the
Production Department and two levels
in the Planning Department. All other
Departments/Offices have one level as
shown in Figure 1. They make sure
their people get TQM trainingr identify
critical processes and establish teams

to improve these processes, establish
internal suggestion systems and assist
their Department/Office Head in making
sure Shipyard Operations Plan actions
are tracked and completed.

THE FOUR COMPONENTS OF TQM (Figures 2
and 3).

After three years of defining and
implementing TQM, four components have
evolved. They are Policy, Process,
Daily and Principle Management

All four components overlap, are
interwoven, and are interdependent with
one another.

Policy Management.

Policy Management is the component
of TQM that develops constancy of
purpose. It establishes long and short
range plans that are not affected by
managers that come and go. It creates
a structure that aligns departments to
move together in the same direction to
achieve common Shipyard goals that will
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shape the Shipyard of tomorrow. Policy
Management incorporates the following
methodologies and plans:

NAVSEA 07 Corporate Business
Plan

Long Range Planning
Strategic Planning
5-7 Year Plan
1 Year Plan
Policy Deployment
Catchball
Shipyard Operations Plan

The following groups and
individuals are involved and
responsible for Policy Management as
shown:

NAVSEA 07 Corporate Business
Planning Team. Develops NAVSEA
Strategic Business Plan via
environmental scan, identification of
key issues, strategies, goals,
objectives and contingencies.

Shipyard Retreat Group [Includes
TOM Policy Committee). Twenty-one
Department/Office Heads, Union
Representatives and an outside
consultant meet on 4 separate Saturdays
during the summer of 1989 to define the
5-7 year and 1 year plan.

Shipyard Commander. Initiates
the Policy Management cycle. Conducts
weekly, monthly, and quarterly meetings
and reviews, as necessary, with Goal
Managers. Initiates "catchball" 
process during deployment phase.
Negotiates changes to Shipyard
Operations Plan with Goal Managers
during review/implementation phase and
records those changes for future review
meetings. Is a member of the NAVSEA
07 Business Planning Team.

TOM Office. Issues/provides the
final Shipyard Operations Plan for each
fiscal year. Schedules review
meetings, as required with Shipyard
Commander approval and distributes
schedule.
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Goal Managers. Manage their
assigned goal. Promote "catchball"
process during deployment phase.
Negotiate changes with Shipyard
Commander and assigned action groups
during implementation phase. Track and
maintain changes/updates to their goal.
Provide copies of changes/updates to
shipyard Commander, TQM Office, and
action groups involved. Apply QC Story
process, i.e., 5 step approach and the
use of statistical methods and
indicators to achieve goals.

Department/Office/Shop Heads.
Work with Goal Manager to achieve
goals. Promote "catchball" process
during deployment phase. Provides
monthly progress reports on all
cognizant goal assignments to Goal
Manager. Provides quarterly progress
reports to Goal Managers and TQM
office. Ensure application of QC Story
methodology in all aspects of quality
improvement, i.e., Shipyard Operations
Plan, PITs, QSCS, Daily Management,
etc.

Shipyard Operations Plan Action
Codes/Shops. Manage and complete
actions assigned. Enter into
"catchball" process to develop
ownership for the actions proposed to
achieve the established
goals/objectives. Use QC story
approach, i.e., 5 steps, statistical
methods, and indicators to improve
processes and hold the gains.

The Phases of Policy Management
include:

5-7 Year Plan. The process to
define this plan includes the
identification of:

- Key Issue Areas
- Vision Statement (Direction)
- Key Accomplishments (What)
- Strategy (How)
- Goals (l-3 years)

Establish Policy Phase (Starts
April 1). This phase begins by
reviewing and updating the 5-7 year
plan and follows by reviewing the
progress of last year’s Shipyard
Operations Plan. The next step is to
define the 1 year goals and objectives
that support each strategy. Objectives
are more specific than the goals. Goal
Managers are assigned followed by the
identification of action Department/
Offices/Shops/Codes. When and where
possible indicators are established.
This phase results in the development
of the first draft of what will become
the Shipyard Operations Plan.

Deploy Policy Phase (Starts
July 1). This phase begins by
deploying the goals and objectives down
through the various organizational
levels. Each level defines the tasks,
subtasks, and actions that support the
achievement of the goals and
objectives. This initiates the
“catchball” process which involves
operationally defining all the actions
required to achieve the goals and
objectives. Action Codes/Shops develop
ownership in this process by developing
actions they believe will best achieve
the goals/objectives. It is important
in this process that ownership is
developed up and down the organization
chain and includes negotiation between
the various levels involved.
Indicators should be finalized at this
stage. This phase is completed with
the final issue of the Shipyard
Operation Plan.

Implement Policy Phase (Starts
October 1). Action Departments/
Offices/Shops/Codes have already
started preparing to complete their
assigned actions as they got involved
in the deployment phase. The next step
is the review process. Depending on
the need, reviews can be held on a
weekly, monthly or quarterly basis.
The frequency of review is a function
of the urgency of the goal and the
degree of actions/indicators required
to achieve the goal/objective not being
clearly defined. The review process
is an important managerial discipline
that ensures that impediments are
removed and that the goals/objectives
are achieved.

Process Management.

Process Management involves
improving the quality of our Shipyard
products and services by improving the
processes that create those products
and services. Improving quality
requires we understand the needs of our
customers, both internal and external.
It is our customers that determine the
quality requirements we want to meet.
Two very important methodologies to do
this are the QC Story and the Plan-Do-
Check-Act cycle. Process Management
includes the following methodologies
and concepts:

Quality Improvement
Continuous Process Improvement
Critical Processes
Statistical Methods
QC Story
Plan-Do-Check-Act
Focus on Customers
Measurements and Indicators
Holding the Gains
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Process Improvement Teams (PITs}.
Process Improvement Teams provide a
structured environment for employees
to work together toward: (1) improving
the quality of products and services:
(2) developing the skills and abilities
of employees; and (3) promoting
communication and teamwork. Process
Improvement Teams are the basic
building blocks of TQM. They consist
of three major kinds of teams:

1. Functional Teams. Includes
employees from a single functional area
or work unit.

2. Cross - Functional Teams.
Includes people from more than one
functional area to work on improvement
opportunities that cut across
functional lines.

3. Task Teams. Include members
from one or more functional areas,
formed to solve a specific problem or
group of problems, and then disband.
It is a team to which members are
selected because of background and
experience and are usually tasked by
the Shipyard Commander or at the
Department Head level.

Critical Processes. Critical
processes are defined as those that are
critical to the Department/Office/Shop
mission and have major variances from
total quality. These are the processes
that every level of every
Department/Office/Shop have identified
and are working to improve and have a
high potential payback.

QC Story. The QC Story is a
standardized structure/process to be
used by all those involved in TQM to
improve processes. It is a standard
way of communicating team progress and
a form to help illustrate the steps to
be taken by a team in the improvement
process. It is used by teams to
organize, collect and analyze
information, and to monitor how they
are doing.

Principle Management.

The 14 Quality Management
Principles are the organizational
values required to make the quality
improvement effort at the Shipyard
successful. The principles are divided
into two categories; the Task Side and
the People Side. The Task Side is
focused on quality/process improvement
and the use of the QC Story, the PDCA
Cycle and statistical methods. The
People Side is focused on TQM
leadership, respect for people,
coaching communication, teamwork,
trust, and cooperation. The consultant

has stated that only 20% of the total
potential quality improvement possible
is attainable from just the Task Side.
Therefore, the Shipyard must develop
its leadership. The Shipyard has made
good progress on the Task Side. The
area of opportunity is on the People
Side.

As shown in Figure 1, there is an
organizational structure established
to remove the barriers to the 14
principles. This structure includes:

TOM Policy Committee. The TQM
Policy Committee has overall
responsibility for managing the
institutionalization of the principles.
They must ensure that the subcommittees
get the support they need and that
progress is being made. Further, they
must ensure the integration of the
efforts to remove barriers by the line
organization and the subcommittees.

Advocates. The Advocates are
members of the TQM Policy Committee and
are assigned specific principles. They
are responsible to champion these
principles and their translation into
the Shipyard. They work closely with
the subcommittees and provide the
communication link between the
subcommittees and the TQM Policy
Committee.

Subcommittees. The three
subcommittees are staff functions.
Each is assigned 4-5 principles and is
responsible for the identification of
barriers to these principles. They
prioritize principles, barriers, and
causes and provide recommendations for
the removal of barriers through the
appropriate Advocate to the TQM Policy
Committee. The recommendations become
the Shipyard strategies for
institutionalizing the barriers.

Line Organization. The Line
Organization is responsible for
implementing the recommendations passed
down from the TQM Policy Committee.
Actions taken on these recommendations
must be tracked and monitored to ensure
improvement is taking place.

This process has been in effect
for 2 years and has moved somewhat
slowly. The process is under review
at the present time to strengthen the
communication between the committees
and individuals involved.
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Daily Management.

Daily Management involves the line
or functional organization in the
implementation of TQM. This is where
the rubber meets the road. You can
have all the strategies, methodologies,
plans, concepts, and good ideas in the
world but they must be put into action
by the line organization. Just as the
Shipyard Commander and the TQM Policy
Committee steer and drive the quality
improvement effort at the Shipyard
level so does each Department/Office/
Shop Head and their QSC steer and drive
quality in their area. This is the
last frontier of the TQM implementation
process. This is where getting
everyone involved takes place. The
Quality Steering Committees play a
major role in this process and may be
established at several levels within
the department. Daily Management
involves the following activities and
responsibilities:

Training. Employees must receive
TQM training which includes PH 101, PH
201, PH 401, Leadership, First Line
Supervisory and Refresher Training.

Process Management. Critical
processes must be identified, improved
and monitored. Application of the QC
Story and the PDCA Cycle is required.
Indicators are to be identified and the
gains held. Establishing Functional
Teams at the workforce level is the
next area of opportunity for the
Shipyard.

Policy Management. Shipyard
operations Plan actions must be
identified and tracked. Indicators
must be established and actions
completed.

Principle Management. Department/
Office/Shop Heads are responsible for
removing the barriers to the 14 Quality
Management Principles in their areas.
They work closely with their QSC and
the TQM Policy Committee and the
Subcommittees to ensure all
recommendations get implemented. They
are encouraged to initiate additional
actions to remove barriers that will
further the TQM effort.

SPC Specialists. A sufficient
number of SPC Specialists must be
trained to support the process
improvement effort. SPC Specialists
assist their department and the
Improvement Teams in the proper
application of statistical methods.
To date, 72 SPC Specialists have been
trained over the last 3 years.

Suggest System. Internal
suggestion systems are to be put in
place in each area. Vital to the
success of this effort is to provide
timely feedback to the originators of
suggestions and to implement
suggestions at the lowest level and in
a timely manner.

LABOR AND MANAGEHENT AS EQUAL PARTNERS

It wasn’t until mid 1987 that top
management initiated action to include
the Union (Metal Trades Council) as
equal partners in the TQM effort. This
effort was strongly encouraged by the
consulting firm, Process Management
Institute (PMI), who had been
contracted to assist the Shipyard
implement TQM. The Union was invited
to attend TQM training which included
a two day course, "The New Management
Philosophy,” and a six day course,
“Statistical Methods for Process
Improvement.“ The Union has been
encouraged to apply this training in
managing their own activities. The
Union also sent two representatives to
the 1988 GOAL/QPC Conference in
Plymouth, Mass. The Union participates
on all TQM Committees; this includes
the forty-four QSCS, the TQM Policy
Committee, the three Subcommittees, and
the Ops Plan review process. Weekly
Ad Hoc meetings are held between 3
Union and 3 Management representatives
to discuss and resolve Union TQM
concerns/issues. The Shipyard Commander
has issued a letter to all Department
Heads stating emphatically that
Management and the Union are equal
partners in TQM and that all effort
must be taken to work with the Union
at Department levels. Moreover, the
door is open for discussing concerns,
and on going dialogue exists between
Management and the Union.

CRITICAL MASS

When the TQM consultant, Process
Management Institute, arrived in June
of 1987 there was considerable dialogue
about when the shipyard would achieve
critical mass. Critical mass is
defined as having institutionalized TQM
to the degree that no new Shipyard
Commander could come in and eliminate
it. Managers and supervisors would be
practicing TQM on a daily basis and
would understand and have seen the
benefits. As this occurs in most
organizations the realization becomes
that they have only scratched the
surface and an even deeper quest for
quality improvement results. New
incoming Shipyard Commanders would see
the results of continuous improvement
working and would not want to change
this successful trend. Critical mass
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was estimated to take 3 to 5 years.
The shipyard has still not achieved
critical mass. However, critical mass
is no longer the issue it once was.
There has been acceptance of TQM at the
DOD and DON level. The shipyard has
spent millions of dollars on TQM
training and by the time this paper is
published the shipyard will have
maintained a continuous TQM trust
forward under the leadership of three
different Shipyard Commanders.
Maintaining momentum and consistency
of TQM from one Shipyard Commander to
another has become routine. One strong
reason for this is that the last two
Shipyard Commanders have come from
within the shipyard and both have been
members of the TQM Policy Committee for
at least one to two years previously.
They understood the value of TQM and
maintained strong leadership in the
same direction. The bad news is that
Shipyard Commanders have been changing
about every year and a half. However,
at this point there is so much TQM
activity both inside and outside the
shipyard that it seems unlikely that
the TQM effort will be stopped. The
question is at what rate and how
effectively will we continue the
implementation process?

CONCLUSION

The die is being cast. After
three years, the TQM Policy Committee
understands the major elements and
methodologies necessary to make TQM
work in the Shipyard. The
implementation process at this juncture
is one of execution and continuing to
improve and refine that process. There
has been good progress in the area of
training and the use of statistical
methods to improve shipyard and
departmental processes. Through the
Process Improvement Teams and the
Quality Steering Committees most
managers have seen and believe in the
concept of continuous improvement.
Strategic Planning and the Shipyard
Operations Plan has become a powerful
tool. It has helped the shipyard
develop a constancy of purpose, make
in roads on long range planning and
focus on the right problems. The
hardest area is that of leadership.
There have been significant positive
changes in top managers closest to the
implementation process. However, for
the most part, middle managers fail to
see leadership change or begin to
exhibit the managerial behaviors
desired.

THE FUTURE

Areas of opportunity for the
Shipyard in the coming year include:

- Getting TQM to the waterfront.

Improvement Teams properly
applying the QC Story process.

-Making decisions based on facts.

- Functional Teams increasing in
number and proficiency.

Instituting leadership and
respect for people.

Continuing TQM leadership training
and developing indicators to verify
improvement is taking place.

- Completing the second cycle of
the Strategic Planning process.

- TQM training for First Line
Supervisors defined and ongoing. Less
mass training and more Just-in-Time
training, i.e., putting the “use it
or lose it”. concept into practice.

- Measurements and indicators
defined and used as a regular part of “
the PDCA Cycle and process improvement
efforts.

- Departmental process improvement
efforts start to show progress on
improving the quality, cost and
schedule of ship DMPs and overhauls.

- The Naval Shipyards working
ogether with NAVSEA, networking,
exchanging information, and
collectively making TQM a reality.

Continuing to look beyond
everyday frustration, the resistance
to change, blaming those above us for
not practicing what they preach, and
realizing every incremental step is a
step closer to our common goal.
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ABSTRACT

Construction of a large ship requires many
thousands of feet of welding. Whenever the
welding process can be streamlined or
automated, tremendous cost savings can be ob
tained. The WELDEXCELL system is a
WELDing EXpert manufacturing CELL that
provides computerized technical support infor-
mation, off-line weld planning, and an in-
tepated welding robot/welding system/vision
system controller. The first of two subsystems,
the Welding Job Planner (WJP) accomplishes
off-line intelligent weld planning for both
automated and manual welding processes. The
second subsystem, the Welding Job Controller
(WJC) provides a fully integrated hardware
control environment with associated software
for combined control of a welding robot, weld-
ing equipment and a robotic vision system. In
the WELDEXCELL system, a series of expert
systems and databases have been combined in
a new type of computer software environment
called a blackboard. There are as many as 19
separate components of the Welding Job Plan-
ner subsystem of WELDEXCELL which fall
into five interrelated functional groups. WEL-
DEXCELL will be used by design engineers,
welding engineers, mechanical engineers, and
NDT engineers for both manual welding and to
interface to automated and robotic welding sys-
tems and vision systems. WELDEXCELL also
includes the control system hardware and
software to provide off-line intelligent adaptive
control of the welding process itself.

The development of WELDEXCELL is a
multi-year effort involving a partnership of
government, industry, university research, and
technology transfer. The project has already
generated new concepts with potential for fu-
ture spin-off benefits. The ultimate payback in
productivity will be large for the American
welding, fabrication, manufacturing, and con-
struction industries.

OVERVIEW

The American Welding Institute (AWI),
together with the other WELDEXCELL team
members, the Colorado School of Mines
(CSM), and MTS Systems, Incorporated
(MTS), is developing an intelligent weld
process planner for flexible welded fabrication
known as the WELDing EXpert manufacturing
CELL  (WELDEXCELL). This project entails
the development of a computerized blackboard
with a series of linked expert systems acting as
a welding engineers’ assistant, and software to
download welding procedures from the weld
designer to a welding workcell for automatic
execution of the planned welds. The system
will also employ sensors to record actual weld
process parameters and a postweld analysis
capability to examine these parameters and up-
date the welding procedure between passes.
These sensors include a seam trackerwhich will
provide path corrections to the welding robot
during a weld.

Many parts of the system software have
already been developed, and some of the
software is commercially available as in-
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dividual expert systems and databases. But, the
heart of WELDEXCELL is a new computer
architecture called a “blackboard”. This black-
board system allows the interconnection of mul-
tiple expert systems and databases with a central
goal. WELDEXCELL will be one of the first
commercial computerized application black-
boards ever developed.

BACKGROUND

The joining of metals into fabricated com-
ponents and structures is a difficult task. The
most common method of joining metals is weld-
ing, but the welding process is complex and
requires several important steps to be performed
in a carefully integrated manner. Although the
process may seem simple to an experienced
welding engineer, when analyzed in sufficient
detail, the engineering/planning processes are
extremely complex. Such an analysis was per-
formed in developing the task description for
the WELDEXCELL Welding Job Planner
(WJP). The weld joint is first designed and
engineered properly, then that design must be
correctly communicated to the fabrication
facility. The appropriate welding consumables,
including filler metal and protective flux orinert
gas, are chosen. Then the welding procedure is
specified, including preheating schedules;
welding variables such as voltage, current and
travel speed and postweld heat treating. Final-
ly, the weld must be performed under highly
skilled human guidance and control. A minor
error in any of these steps, if undetected, can
create an unsuitable welded component, which
in later use may result in a catastrophic failure
and perhaps loss of life.

An extremely complex and interrelated
system of codes, specifications, tests, and in-
spections ensures that the vast majority of welds
will never fail in service. Fortunately, a large
number of engineers, designers, and welders
work within the system of codes and specifica-
tions to ensure the high quality of welded joints,
but this system is very expensive and requires
the careful attention of many human experts.
Consequently, welding is an ideal application

for computerized expert system technology.
However, no single expert system could be
expected to perform the myriad of tasks re-
quired to make a welded joint. For example,
there are over 100 welding processes ranging
from simple flame heating to exotic laser weld-
ing; there are several hundred welding filler
metals – from plane carbon steel to elaborate
chemical mixtures of alloying ingredients; and
there are over 1000 different grades of weldable
steels classified by the American Society for
Testing and Materials (ASTM). The possible
combinations of welding process, filler metal,
and steel base metal would number into the
millions.

The expert systems needed for welding
include materials selection, joint design, weld-
ing process and procedure selection, and a CAD
system interface to draw the design and com-
municate that design to the welder. The ul-
timate goal also includes an intelligent system
to instruct a complex welding workcell to per-
form the weld; and a workcell simulator to
allow off-line automated weld planning.

WELDEXCELL SYSTEM BLACKBOARD

It is clear that the type of distributed  prob-
lem-solving in multiple knowledge domains in-
volved in this multidisciplinary engineering
problem cannot be addressed using a single
knowledge source (KS). Rather, multiple
knowledge sources and humans will cooperate
to solve a broad problem. The technique to be
applied to this data and knowledge-integration
problem is the computer blackboard architec-
ture.

The concept  of blackboard architectures
was discussed in the literature a early as 1962;
however, no applications were built until the
1970s. A blackboard is being used for this
expert integration environment because it pos-
sesses capabilities to support problem solving
while accounting for diverse types of informa-
tion, methods for combining various types of
data while resolving  conflicts, and the ability to
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accommodate different program modules
without requiring a complex interface.

The problem solving technique which has
been applied to the blackboard model is to
divide the problem  into loosely coupled sub-
tasks which are then operated on by specialized
programs with access to various information
sources. The information sources consist of
knowledge bases, expert systems, databases,
and interfaces to human experts. The advantage
of such a system is that much larger quantities
of information can be used in a fully integrated
manner to solve the problem and develop the
weld plan. The human experts supply the ex-
ternal information about the required welding
task and then review the intermediate and final
plans. The system also includes facilities to
query a human expert in the event that conflicts
outside of the system’s domain of expertise
occur. The time required by a human expert
will be substantially reduced, thus aIlowing
more design and planning to be accomplished
with higher overall quality and reliability by the
same number of human experts. Also, the sys-
tem will reduce the time required to tesy qualify,
and practice automated welds. This wiIl sub-
stantially reduce the problem of small batch size
automated welding.

The blackboard software architecture is
analogous to a group of experts seated before a
blackboard, with only one expert allowed to
approach the backboard at a time. A monitor
is empowered to call on the experts individually
to modify the blackboard’s  contents. Follow-
ing each contribution, the monitor evaluates the
state of the blackboard’s contents and, based on
its planning algorithms, considers which expert
to call on next. If the “experts” described in this
scenario are replaced by knowledge sources
(KS’s), which include expert systems,
databases, knowledge bases, human users,
graphical data and information,  etc., a black-

  board system results. The monitoring and con-
trol functions are performed by what is
essentially another expert system with planning
algorithms designed to move the expert system
toward a problem solution.
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The blackboard’s purpose is to provide a
framework for the interaction of the multiple
independent knowledge sources and to respond
opportunistically to the changing contents of the
blackboard to achieve a solution. There are
eight behavioral goals for the intelligent black-
board control system to accomplish this task.
They are as follows:

1.

2.

3.

4.

5.

6.

7.

8.

Make explicit control decisions that
solve. the control problem of multiple
independent knowledge sources.

Decide what actions to perform  by deter-
mining what actions are desirable and
what actions are feasible.

Adopt variable task size control heuris-
tics.

Adopt control heuristics that focus on
action attributes which are useful in 
the current problem solving situation.

Adopt  retain, and discard individual
control heuristics in response to
dynamic problem  soving situations.

Decide how to integrate multiple con-
trol heuristics of  varying importance.

Dynamically plan strategic sequences of
actions.

Reason about the relative priorities of
domain and control actions.

The blackboard controller controls the
blackboard, monitoring the activities of the
knowledge sources attempting to find a solution
to the weld design problem. At various levels
ranging from abstract to very detailed, decisions
are made such as which problem to solve next,
whether forward or backward chaining reason-
ing is to be used and which knowledge source
to activate. While building a master expert
system to control the problem solving black-
board is a complex solution, it provides the



flexibility to solve both broad planning
problems and perform detailed scheduling.

The blackboard control system contains
more explicit support for meta-level facilities.
The blackboard is divided into multiple parti-
tions which contain classes. The classes con-
tain objects. The objects, which contain the
data used by the KS’s to solve a problem are
placed in the blackboard by KS’s or by external
processes such as human interactions or inter-
action with the databases.

Another concept for organizing problem
solving with multiple, diverse cooperatirig sour-
ces of knowledge is being applied to the black-
board. A hypothesize-and-test paradigm is a
mechanism which can provide a high degree of
cooperation among the knowledge sources.
Thus, the solution finding is an iterative
process, which involves two steps:

 Ž Create a hypothesis (an educated
guess about some aspect of the
problem)

 Ž Test the plausibility of the hypothesis

As the blackboard proceeds toward a solu-
tion, the system will build on the knowledge
about the problem contained in its knowledge
sources and the changes in the state of the
system knowledge (i.e., in the contents of the
blackboard) produced by previous hypothesis.
This iterative process ends when the contents of
the blackboard form a consistent hypothesis
which satisfies the requirements of an overall
weld design solution.

WELDEXCELL SYSTEM DESCRIPTION

WELDEXCELL is logically divided into
two major subsystems: the Welding Job Planner
(WJP) and the Welding Job Controller (WJC).
A high level block diagram is shown in Figure
1.

Welding Job Planner

The WJP will use various expert systems
knowledge/databases, and user input to Solv
welding engineering design problems. Th
user will interact with the computerize
knowledge resources and the computerize
“blackboard” to design the joint and then locat
or assist in developing an appropriate weldin
path and procedure.

The WJP configures this information in
the form of a Job Description (weld schedule
which is in turn passed to the WJC for the actua
execution of the weld. The user interface fo
the WJP is primarily the blackboard output file
which is represented as a Welding Procedure
Specification (WPS) and displayed on the
screen. As information is determined by the
expert systems and other systems, the onscreen
WPS will be updated. The display shows initia
information (such as material type and join
geometry) and the evolution of the WPS as it i
developed, including the joint design, robo
path planning, and simulation information.

Welding  Job Controller

The WJC is responsible for ensuring tha
the various equipment used for the weld, includ
ing the welding power supply, the manipulator
the vision system, and other support equipmen
are coordinated as appropriate to execute the
weld schedule from the WJP. During the course
of a weld, the WJC will record several weld
process parameters (such as voltage, curren
wire feed rate, gas flow, travel speed, and
temperature as appropriate to the type of weld
ing taking place) as well as any offsets between
the planned path and the actual seam location
This data is saved for later inter-pass analysis
by the WJP, but the seam offsets will also be
used in real time by the controller for adjust
ments to the robot’s planned trajectory (i.e
seamtracking). At the end of a weld pass, a
weld results file containing the recorded weld
process parameters and seam offsets is prepard
by the WJC and passed back to the WJP fo
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Figure 1. High level block diagram of the WELDEXCELL System

analysis and possible modification to the job
description for the next pass.

WELDING JOB PLANNER

The traditional method of creating a new
weld procedure specification is similar to the
following scenario. First, given a specific metal
to be welded, the welding filler metal or
electrode is chosen, then the joint design and
welding procedure are selected. Finally, the
information must be communicated to the
fabrication facility in the form of a joint design
drawing with a welding symbol. Each of these
tasks is not completely independent and, in the
existing manual mode of operation, they are
often done in an iterative manner. Thus, the

WJP must be able to do distributed problem 
solving in multiple simultaneous knowledge
domains.

The WELDEXCELL blackboard is func-
tionally organized into a frame-based structure
of sub-blackboards. Each of the sub-black-
boards has a specific functional use in the over-
all system. These sub-blackboards are
described by a series of attribute (i.e. specific
goal parameters) values which are determined,
through operation of the system, to the greatest
extent possible whenever that sub-blackboards is
instantiated during a consultation. Each sub-
blackboard also inherits the attribute values of
the parent (main) blackboard. The blackboard
structurehas the ability to go through a scenario
repeatedly with minor changes so that engineer-
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ing iterative solutions (“what-iffhg”) techni-
ques can be applied.

The major components (sub-blackboards
and other routines) of the WJP are the Joint
Designer, the Structural Integrity Analyzer, the
Material Analyzer, the Procedure Specifier, the
Path Planner and the Main Blackboard. Each
of the sub-blackboards are made up of several
cooperating expert systems and databases.
Each of these major components is described
below in greater detail.

Most of the expert systems and databases
have been previously developed or prototyped
by AWI and the Colorado School of Mines
(CSM) as individual  modules. In development
of these expert systems, it was important to use
recognized standards, codes, and existing tested
procedures in the operation of the expert sys-
tem. Two principal organizations in the United
States are primarily responsible for the techni-
cal standards and procedures of welding (be-
sides the United States government): the
American Welding Society (AWS), and the
Welding Research Council (WRC). Selected
committees of each organization were ap-
proached to enlist their cooperation and input
with respect to the development of the expert
systems. These committees have supplied ex-
pert knowledge, evaluation, and beta test sites
for the prototype expert systems. Future beta
testing will also be performed by U. S. Navy
shipyards.

Wherever possible,  expert systems which
already existed, or which had been prototype
by AWI/CSM are being used in WELDEX-
CELL.  AWI and CSM, as part of the Welding
Information Network (W.I.N.Tm) system, have
previously developed, and in some cases AWI
is commercially marketing, a fill range of ex-
pert systems for use in welding engineering
decision support. In addition to the expert sys-
tems, several technical databases are used by the
Welding Job Planner. Each database is struc-
tured as summarized in Table I. Figure 2 il-
lustrates the overall breakdown of the WJP.

The  JointDesigner Sub-blackboard (JDS
functions to prepare a welding joint design and
communicate the joint design information in a
graphical format to the engineer, as well as to
the shop floor. Standard joint design formats
(consistent with the AWS standard graphica
description) are being employed for the basic
joint design. Also, the welding symbo
prepared by JDS conforms to AWS/ANS
standard A2.4-86.

WELDSYMPLE.  A large amount of in-
formation is needed to describe a weld proce-
dure on a mechanical drawing. The welding
technique and testing must be specified as wel
as the joint design and machining requirements.
A shorthand way of describing a weld, known
as a welding symbol, is used on a mechanica
drawing to describe the specified weld. The
technique for developing a weld symbol is like
that of constructing a word in the English lan-
guage. A set of symbol elements (the alphabet
for the word construction analogy) is available.
By choosing appropriate symbol elements and
assembling them in an appropriate manner, a
symbol (a word in the English analogy) can be
constructed. There is a nearly unlimited number
of symbol element combinations which could
be used to generate welding symbols, so
generating a CAD library of symbols is, for
general application, not practical. The ap-
propriate weld symbol must be generated each
time it is to be used.

The expert system WELDSYM.PLE is
designed to use a symbol base (database of
graphic welding symbol information) and input
Ii-em a human user or the blackboard regarding
the weld joint desigdapplication to draw the
appropriate welding symbol using a CAD sys-
tem. WELDSYMPLE uses the same logic
processes which would be applied by a welding
engineer to develop a welding symbol. The
symbol is generated according to the rules es-
tablished by AWS in documentation reflecting
the standardized use of welding symbols (AWS
A2.4-86 “Standard Symbols for Welding, Braz-
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Procedure Database (WPS)

The welding procedure database consists of process, material, and parameter information
for the weld. This database is structured in accordance with the proposed AWS/ANSI Standard
A6.1-90 for welding procedure specifications.

This database consists of information similar to WPSDB, but includes test results. Full
PQRs are stored in this database conforming to the proposed AWS/ANSI Standard A6.1-90.

Contains data about welding electrodes and filler metals. The information includes not
only the designated AWS A.5 standards but also manufacturer published data. The records
include typical/recommended usage, composition, operating parameter ranges, etc.

ase

Contains ASTM, AISI, ACI, and UNS weldable steel information, including composition
and mechanical properties. Recommended electrode/filler metal usage data is also incorporated.

Heat Treatment Database (HEATDB)

Contains pre- and postweld heating schedule information. Includes data for carbon
equivalent (CE), Pcm, and PHa analysis, as well as WRC-published recommend tempera-
tures/times.

Joints Database (JOINTDB)B

Contains welding joint design detail information, including data for root opening, included
angle(s),  tolerances,  etc. Curmtly, the data is not CAD compatible  but if necessary for system
operation, the data will be converted.

Contains AWS/ANSI D2.4-86 standard welding symbol information for developing
standard welding symbols on mechanical  drawings. This data is already CAD compatible and
will be maintained in Navy CALS compatible format.

Table I. Welding Databases
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ing, and Nondestructive Examination”). This
expert system is currently available as a stand
alone system and was tested by AWS prior to
its commercial release.

WELDJOINT. The design of a welded
joint  is, as with many engineering decisions, a
delicate balance of compromises. The joint
design attempts to combine several criteria
simultaneously, some of which may conflict.
The joint must be machined to allow sufficient
clearance for the weldling operation, but with a
minimum of open space to fill with the expen-
sive filler metal and time consuming welding
operations. The design must accommodate the
configuration of the structural shapes to be
joined, but also minimize the stresses which
occur on the joint in service and the residual
stresses that develop as the weld shrinks due to
non-uniform temperature distribution during
solidification and cooling.

The WELDJOINT expert system inter-
acts with a graphics-based data system to
produce a drawing of the weldjoint. In addition,
the expert system provides much of the output

 information so that the welding symbol can be
produced for the mechanical drawing. The data
and graphical layout of the figure are in accord-
ance with AWS/ANSI standard joint design, as
described in AWS D1.1, “Structural Welding
Code.”

Structural Integrity  Analyzer

The Structural Integrity Analyzer Sub-
blackboard (S1S) will function to provide the
design engineer with basic structural integrity
information and help to set the NDE criteria.
The system utilizes the basic Linear Elastic
Fracture Mechanics (LEFM) criteria for defect
size limit setting. However, the SIS will have
provisions to include more complex analyses in
future implementations.

SI-PREDICTOR. A structural integrity
analysis is a necessary part of the overall sys-
tem. The SI-PREDICTOR expert system
provides a fracture mechanics approach to the

analysis of structural safety. The system utilizes
basic information about the structural geometry
type, mode of loading, and structural dimen-
sions, and also about the material being used
(tensile properties and fracture toughness). SI-
PREDICTOR is currently based upon a LEFM
approach; consequently, solutions are checked
to see whether the limits of linear elasticity are
violated. SI-PREDICTOR determines a critical
defect size for a structural component geometry.
Six component geometries are available: Ves-
sel, Truss, Plate, Beam, Girder, and Pipe.

The SI-PREDICTOR expert system pro-
gram calculations have been verified inde-
pendently for numerous test cases to ensure that
the program is error free. The accuracy of the
critical defect sizes calculated are dependent
only upon the accuracy of the input; component
dimensions, applied loading, and material
properties.

Material Analyzer

The Material Analyzer Sub-blackboard
(MAS) will enable the design engineer to per-
form optimum selection of welding con-
sumables and to set pre- and postweld heat
treatment (PWHT) to optimize the weld proper-
ties. This system utilizes all applicable Mil.
Spec’s. and standards, and AWS welding
electrode and filler metal specifications are in-
cluded in the databases. The weld preheat and
PWHT will be based on Mil. Spec’s. and Weld-
ing Research Council (WRC) published
guidelines. In addition, the MAS will provide
the user with the latest state-of-the-art technol-
ogy for analysis of special nonstandard
materials, or universal weld heating require-
ments.

WELDSELECTOR.  The selection Of a
welding electrode or filler metal is a complex
task requiting detailed information about the
base metal to be welded and the properties of
the electrode and filler metal. In addition,
several aspects of the welding operation must
be examined and decisions made regarding the
specific application in order to narrow the list
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of possible electrode choices. A weld, which is
a small bit of solidified metal, is expected to
have the same (or perhaps better) properties as
the base metal that it joins. The base metal may
have undergone hours of careful and expensive
heat treating and processing, yet the weld metal
must be as corrosion resistant, as strong, as
ductile, and as fracture resistant as that base
metal.

The WELDSELECTOR expert system is
able to access data about the welding materials
through the use of extensive databases which
contain information about base metals and
electrodes. The base metals database currently
contains over 1,000 grades of steel identified by
ASTM classification. Navy-used steels are
being added to the database, including the HY
and HSLA steels commonly used in shipbuild-
ing. The electrode database contains all of the
AWS classified welding electrodes which are
used in the United States for three welding
processes: Shielded Metal Arc Welding
(SMAW), Gas Metal Arc Welding (GMAW)
and Flux-Cored Arc Welding (FCAW). The
various military qualified electrodes are cur-
rently being added to the cross-reference listing.

WELDSELECTOR follows the logic
processes which are used by a human expert to
determine an appropriate filler metal. Given
basic information regarding the material to be
welded and using the databases of the base
metals and electrode properties, an initial
feasible list of electrodes is produced. The list
is then ranked based on decision factors about
the required weld. Examples of the type of
decision factors include: (1) the type of welding
equipment to be used, AC or DC (to partially
determine the chemical design of the welding
flux); (2) the degree of hydrogen contamination
coupled with the sensitivity of the base metal to
hydrogen damage; and (3) the position in which
the weld is to be made (e.g., flat, vertical, or
overhead).

WELDSELECTOR only uses decision
factor data as necessary. The system can prompt
the human user for more details when needed.

As with any decision making process, conflict
ing input must be weighed and evaluated base
on its resulting impact. This is accomplished i
WELDSELECTOR with the use of a numerica
rating system of certainty factors (CFS)
WELDSELECTOR produces a CF-ranked lis
of electrodes from which the top choices ar
selected. These top choices can then be used in
the design of an overall welding procedure.

WELDHEAT. The arc welding process
often requires additional heat treatment in th
form of applying external heat to the weld are
before interpass and during and following the
welding process. This external application o
heat treatment is referred to as interpass heat-
ing, preheating, and postweld heat treatment
respectively. By minimizing the temperature
differential during and after welding, the
welded area will have lower residual stresses
and is less susceptible to cracking and other
metallurgical problems such as hydrogen
damage.

The WELDHEAT system uses the same
decision making procedure that an expert metal-
lurgical engineer uses to establish weld heating
schedules. However WELDHEAT provides a
fast and efficient procedure to evaluate the heat-
ing requirements using several different
methods. The system will interact with the user
to choose the best analysis method (WRC
recommendation, carbon equivalent, Pcm, or
PHa) to use for preheating determination. Then
the expert system will be called upon to assist
with generation of a WPS and to verify that a
standard or a developed WPS has the ap-
propriate choice of heating schedules.

The database system incorporated with
WELDHEAT contains “typical” composition
values for over 500 ASTM classified steels.
WELDHEAT will include in the decision
process one or more of several important
parameters, depending on the specific situation:
cooling rate, potential hydrogen content, joint
type, plate thickness, energy input, and
electrode choice. The various methods can run
in parallel. Based on the user’s selection, one or
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more of the methods can be used to provide a
"best estimate” of the preheat and interpass
temperature, as well as the recommended
postweld heat treatment.  If the user or the black-
board does not have information about all of
these parameters, WELDHEAT will use all of
the available information to provide a “best
estimate” of the preheat and interpass tempera-
ture as well as the recommended postweld heat
treatment.

The objective of the Procedure Specifier
Sub-blackboard (PSS) is to obtain a Welding
procedure which can be used to develop a weld
schedule. That weld schedule is then passed to
the welding job controller. There are three op-
tions which are available within PSS. First if
an applicable welding procedure spedication
(WPS) is available in the database which meets
the requirements of the weld to be performed,
then that WPS(s) is extracted. If there is more
than one, the list is ranked in order of ap-
plicability and presented to the human user.
Second, if no WPS is already available, then
pre-existing welding procedure qualification
records (PQRs) are extracted from the database
which are applicable to the weld to be per-
formed. Then a WPS is generated from these
PQRs. Finally, if no applicable PQRs can be
found, a PQR plan is developed which can be
tested to produce PQRs in an actual weld testing
operation.

This
suite of expert systems is an important part of
the WELDEXCELL WJP. Each expert system
in the suite deals with weld procedure data.
They work together to select an appropriate
procedure (WPS) or to generate  one, and then
to develop a welding schedule based on the
welding procedure data. The schedule is then
used to direct the welding tasks to be performed.

The WELDPROSPEC expert system
chooses a previously tested WPS from a
database. If a WPS is not found which will meet
the specific application needs, then

WELDPROSPEC selects all of the PQRs from
the database which are applicable to the weld to
be performed. The PQRs which are selected are
used to backup a WPS to be generated from  the
PQRs by WELDPROGEN. Additional rules
are being added to the existing
WELDPROSPEC system to include Mil. Spec.
requirements;  currently, it is based on the AWS
D1.1 Code guidelines for WPS generation.
PQRs are currently selected so that the WPS
data specified falls within the allowed variance
of the PQR essential variables as specified by
AWS D1.1 code. The selected PQR data is
passed to the WELDPROGEN expert system
which is then called upon to generate a WPS. If
appropriate PQRs cannot be located, the
WELDPROPLAN expert system is called upon
to develop a PQR test plan. WELDPROGEN
will generate a WPS which conforms to the
appropriate rules or guidelines horn the set of
PQRs which were selected by    
WELDPROSPEC. The expert system
produces  a WPS which contains all of the neces-
sary data required to develop a weld schedule
and which confirms to the applicable code or
Mil. Spec. and which is adequately “backed up”
by PQR’s.

WELDPROSCHED develops a suitable
welding schedule which is supplied to a manual
welder, an automatic welder, or to the robotic
welding system. Specific values and allowable
ranges are supplied to define machine settings
during the welding operation. The schdule
considers position, thickness, and joint design
changes and is able to adjust for multiple passes.

The Path Planner System (PPS) includes
the basic design implementation of a welding
path from a CAD-based design of the part to be
produced. The three aspects of the system are
(1) the CAD system which will be compatible
with many commercial CAD systems including
the Navy CAD system; (2) the path planner
which takes the CAD drawing and plans the
welding path; and (3) a robot welding graphic
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simulator which includes collision avoidance
assistance.

A computer-aided design (CAD) system
is used that works in the specific hardware and
software environment defined by this project.
Currently the system uses AutoCAD. Draw-
ings of the assembly pieces are created in three
dimensions, and details of the joining of these
pieces will be included. The CAD system must
have the ability to allow the engineer to select
the path to be followed by the welding torch/end
effecter of the welding robot, In addition, CAD
code is being developed which allows the
human user to identify objects in the CAD
drawing. The three types of objects to be iden-
tified are (1) the weld line, (2) the objects to be
joined, and (3) other objects which are potential
collision objects or are important to the weld
process (e.g. fixturing).

A separate system to be operated with the
Welding Job Planner blackboard is available to
do the path planning so that the path will be able
to be associated with welding schedule data
provided by the WELDPROSCHED sys-
tem. Considerations are made for part acces-
sibility, and/or possible obstructions on the part
itself. It will also be necessary to simulate the
robot movement relative to the parts to be
welded. The simulation assists in path planning
and colIision avoidance.

A robot simulator has been developed for
an articulated arm and foragantry robot system.
The simulator is capable of reproducing all of
the robot motions including operating envelope
limitations. The robot end effecter world coor-
dinates, and joint positions are displayed in
real-time on the graphics screen. A specially
designed collision avoidance system was
developed by the Colorado School of Mines to
operate in parallel with the real-time robot
simulator.

WELDING JOB CONTROLLER

The Welding Job Controller (WJC) is
responsible for all real time activities within the
WELDEXCELL system. The WJC can accept
a weld description horn the Weld Job Planner
(WJP) and accordingly control the welding
hardware. The WJC will also collect data
during the welding process for analysis on the
WJP workstation. Figure 3 shows the top level
organization of the WJC software components.

The WJC operator interface supports
direct interaction between the end user and the
welding system. Animated graphical control
panels allow the operator to configure the
hardware, adjust system parameters, load weld
descriptions, and monitor the real time welding
pcess. The WJC system is currently under
development by the WELDEXCELL team at
the MTS Systems facility in Minneapolis.

Operator Interface

The operator interface will allow the
welding hardware operator to perform the fol-
lowing functions:,

 • Load, limited edit, and execute a
Weld Job Planner description

 • Configure the hardware interface
components

l Perform sensor and transducer
calibration

 • Monitor execution of the welding
plan

 • Monitor real time welding process
variables

 Ž Monitor and adjust the robot motion
control system
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l Configure and display the data ac-
quisition processes

The operator interface will present a set of
animated control panels to the end user. These
panels will be displayed in workstation win-
dows. The user will manipulate a picture of
electronic controls using a pointing device.
Input components will include push buttons,
toggle switches, slide controls and radio button
clusters. Animated displays will show the state
of the welding process and provide immediate
feedback when the controls are adjusted. Dis-
plays will include virtual graphic repre-
sentations of indicator lamps, digital readouts,
oscilloscopes and chart recorders.

The organization of the operator interface
will follow object oriented design principles:
Each major hardware subsystem will have an
associated graphical control panel. The panel
allows the welding specialist to adjust and
monitor familiar welding process parameters.
The operator will be able to control which
panels are displayed and interact with any con-

trol panel at any time. All visible displays will
be continuously updated to reflect the current
state of the welding process. All active input
controls will provide immediate feedback to the
operator when their values are changed.

The Real-Time System

As described above, the real time system
will consist of a supervisor module and three
major real time processes:

 • Motion control system

l Welding process control system

• Data acquisition system

The supervisor module will handle the
interface between these three subsystems, the
operator interface and the Weld Job Planner.
The supervisor will be the main control program
within the WJC although the user interface will



be reactive: consequently, the operator will at
all times be able to adjust or even override the
execution of the welding plan;

The Supervisor will implement the fol-
lowing major functions:

l Download weld job descriptions
from the Weld Job Planner using a
LAN interfaee.

l Interpret the weld job description as
a program by sending commands to
the other real time system modules.

l Monitor the execution of the Weld
Job Description and support operator
interventions such as pause/resume
and single stepping.

 Ž Monitor the status of other major
components of the WJC for display
on the Operator Interfaee.

l Implement commands from the
Operator Interface for system con-
figuration, adjustment and control.

The motion controller will move the
welding torch along a programmed path using
a robot arm. Figure 4 is a signal flow diagram

 showing the top level organization of the mo-
tion controller.

The motion controller will work with
three coordinate systems. The world system
will be used to specify points in a fixed Car-
tesian coordinate system. The pan coordinate
system will be aligned with the part to be
welded. The tool system will be aligned with
the welding torch tip. During the welding
process the motion controller will keep one axis
of the tool coordinate system aligned with the
seam.

The signal flow diagram shows thre
coordinate conversion modules. The world 1
joint module will take a vector signal of wor
coordinates and convert it to a vector signal 
joint angles. The part to world module wil
take a part relative vector signal and convert 
to the joint system. The tool 10 joint modul
will convert a tool relative vector signal to th
joint system.

The Path Generators will be responsibl
for providing a position command to the robo
arm that moves the welding torch. The super
visor will provide a sparse sequence of gaug
points in either part or worId coordinates an
the desired tool veloeity along the seam. Th
world path generator will receive the gaug
points specified in world coordinates while th
part path generator will receive gauge point
speeified in part coordinates. In either case, th
path generator will interpolate additional point
along the trajectory uniformly spaced in time (i
upsamples the position signal).

The joint controller command wilI be th
sum of three input signals: the desired trajector
from the supervisor, the correction form th
seam finder and the feedback from the robo
joint resolvers. The joint controller will calcu
late a new command for the joint servos base
on these values.

The robot interface will accept a stream o
joint angle vectors and use this to a apply 
proportional signal to the joint actuators. Th
output of the robot interface will be a vecto
signal of actual (measured) angles taken fro
the joint resolvers.

The seam finder will send adjustments t
the joint controller based on real time visua
information about the seam location.

The seam finder will be responsible fo
updating the path of the robot in real time (actua
update rates will be approximately 10Hz) by
analyzing the gray scale or laser imaging dat
to determine an offset in the coordinate syste
of the torch (i.e. tool coordinates). This relativ
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offset will be passed to the joint controller via
the tool to joint converter.

The data acquisition system preprocesses
and record weld process parameter data such as
weld travel speed, wire feed rate, gas flow,
current velocity and temperature. The raw
results may be examined from the operator in-
terface and/or sent back to the Weld Job Planner
workstation for further analysis. The data ac-.
quisition system has several modules specifical-
ly designed to capture data from the different
types of sensors and perform preliminary sam-
pling and filtering operations as shown in Fig-
ure 5 below.

USER INTERFACE

The objective is to develop a user inter-
face which makes maximum use of advanced
interface design technology. Extensive use of
windows, mouse active screen elements, icons,
and object-oriented interface philosophy. Oc-
casionally, the user may be asked to type in a
response but in most interactions, the user will
be presented with a list of parameter values or
icons from which to choose.

The user interface will be designed for a
variety of potential users. These users will in-
clude mechanical engineers (ME), NDE en-
gineering personnel (NDE), welding engineers
(WE), welding system operators (WO), and
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data system operators (DO). The major func-
tions of the interface and anticipated users are
as follows

 Knowledge Systems Interface (W
ME)

 CAD System (WE, ME)
Welding Procedure Specification

(WE)

Materials Analysis (WE, ME)

Structural Integrity Analysis (ME,
NDE)

Weld Schedule Specification (WE,
wo)

Data Systems Interaction (WE, ME,
DO)

The interface will consist of several v
tual components. Most of the functions 
quired of the WJP system require that t
system acquire information from the user 
each step in the analysis. For example, wh
determining the welding consumables for 
operation, the user should only need to speci
the gas type after the process has been dete
mined to be GMAW or shielded FCAW. T
main technique to be employed will be one 



overlapping windows in a layered hierarchical
frame-type knowledge representation schema.

Whenever possible, the user will have
available a series of icons which represent the
necessary and/or system-required information
needed from the user. For example, a small icon
of a gas cylinder would be used which the user
could manipulate with a mouse and open a
window which would allow the user to provide
information or get back information relative to 
shielding gas decision making.

Figure 6. AGraphical representation of an
example control panel.

COMPUTER SYSTEM

The WJP  will be implemented on a Texas
Instruments Explorer Artificial Intelligence
Workstation, which is an ideal choice for fast
execution of the various expert systems and
databases which make up the WJP. An Ethernet
link will be used for transferring files to and
from the WJC. The WJC will be implemented
on a VME-based Unix system consisting of
several Motorola 680X0 microprocessors. This
architecture is a proven platform for real-time
welding workcell control and provides the

openness which will be required to interface to
different manipulators,  welding equipment and
process parameters.

The interface between the WJC and WJP
has specific requirements that are primarily
driven by the needs of the WJC. This interface
is exclusively one of file transfer through a
TCP/IP protocol LAN. The two primary ac-
tivities of the interface are to pass weld schedule
data from the WJP to the WJC and second to
provide interpass weld history data to the WJP
for interpass intelligent update of the process
variables.

In order to provide maximum flexibility
and modularity, the system was divided into
two component subsystems at a point where
minimum communication was necessary. This
design provides for enhanced throughput and
autonomy of operation. It also lends itself to a
simple broad band LAN rather than to a bus
structure. Finally, by subdividing the problem
at this point, the engineering workstation can be
remote to the actual workcell   environment.

An Artificial Neural System (ANS)

simulation of a robot tracking a welding seam
in the presence of a large amount of noise has
been developed by the Colorado School of
Mines . It consists of an image input subsystem,
a neural network subsystem, an output robot
control signal subsystem, and an interactive
display interface. The software for the simula-
tion is a 3-layer, back propagation network
The number of input nodes is equal to the num-
ber of pixels in the input image. Connection
strengths are determined by the training of the
network for the specific welding problem. The
output nodes provide the guidance information
to the welding   robot.

During a weld, the Artificial Neural sys-
tem on the WJC (i.e. the Seam Finder) will be
run in a “feed forward”, or non-learning mode



Knowledge Engineering Environment (KEE)where images are processed into control signals
without any adjustments to the strengths of the

connections between processing elements. A

detailed descripton of this ANS based vision

system can be found in the literature (A. Rock,
1988; A. Rock, 1989)

The real-time processing components of

the Weld Job Controller will be implemented
using HOSE, a tool for programming industrial
control systems. HOSE allows the desig-
ner/implementer to draw data flow diagrams

that are automatically implemented on the real

time hardware. The diagrams maybe used for
system design, simulation, implementation and
diagnostics.

HOSE is used for both rapid prototyping
and final implementation of industrial control
systems at MTS. The graphical interactive na-
ture of HOSE allows client feedback to be in-
corporated in the control system design process.
Most of the diagrams used to illustrate the WJC

real time systems in the previous sections are

suitable for direct representation in HOSE. In
many cases, the top level diagrams in a HOSE
program are the design documentation.

Welding Control

The welding control system is designed to
provide two capabilities. First, the system can

set and hold a constant welding parameter
schedule as specified by the WJP Subsystem.
Second, the controller can ramp the welding
parameters between physical set points in the
welding path -- also as specified by the WJP.

The welding control system provides the weld-
ing operator with the capability to view and, to
a limited extent, to edit the weld schedule.

software and will interact with the X-windows

software interface to provide easy accessibility

to the user. If appropriate, the AllTalk language

software, from MTS Systems, will be utilized.
In addition, a significant effort is being made to

unify the basic “feel” of the WJC and WJP user

interfaces. This is not always possible, how-
ever, since the two interfaces require sig-
nificantly different functions for different
classes of users.

CONCLUSION

Based on the development of the

prototype blackboard, expert systems, and
databases for this project, it can be concluded

that the ability to combine welding expert sys-

tems and databases is technologically very
feasible. It has been estimated that the potential

savings for the shipbuilding industry alone
could be quite substantial if this technology is
integrated into the welding activities of
shipyards. Finally, it is the intent of the

AWI/MTS/CSM team to complete the develop-
ment of this system and to transfer this technol-
ogy both to the shipbuilding industry as well as
other welding intensive industries in the United
States.
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Abstract: David Taylor Research Center is just com-
mencing investigations into a new manner of defining
future fleet architectures. The cost of current per-
formance-driven ship designs has increased at a
rapid rate. While it is true that a warship designed
with insufficient performance is of meager utility, it is
also true that the best performing warship design is of
no utility if never built. Both performance and afforda-
bility are required if sufficient numbers of ships are to
be built to counter the threat. By designing a future
fleet architecture with producibility as a major require-
ment from the start, we hope to impact the acquisition
cost significantly. One battle force concept titled “Dis-
tribute, Disperse, Disguise and Sustain” suggests two
fundamental surface ship types; the Carrier of Large
Objects (CLO) and the Scout Fighter. A CLO feasi-
bility design in progress, Carrier Dock Multimission, is
outlined to inform shipbuilding researchers of an
initiative that promises to have significant impact on
naval ship procurement and provide increased visibil-
ity within the U.S. Navy on producibility issues.

Before attempting to conceptualize a future
United States naval surface fleet, to help create a
vision of the U.S. Navy for the year 2030 and beyond,
the shortcomings of the current surface Navy must be
addressed first. An honest assessment of where we
are now is a must for us to determine where we need
to be in the future and how to get there.

“CURRENT SHORTCOMINGS

The shortcomings of greatest significance in
the current surface Navy that are related to Hull,
Mechanical and Electrical technologies are:

- Highly observable ship signatures
- Easily discriminable ship signatures
- Concentration of operating functions
- Logistically demanding
- Programmatically inefficient and expensive to

acquire.

The ships of the surface navy are highly ob-
servable by radar, acoustic, iofrared, magnetic, and
electro-optical sensors. As the enemy’s surveillance,

tracking, and classification capabilities increase with
time, the advantage will continue to shift more and
more to the enemy. The result is that the enemy can,
in most cases, engage our surface forces outside the
battle space of our own weapon systems. This forces
us into a defensive posture that requires us to shoot
down the “arrows” (cruise missiles) rather than the
“archers” (aircraft, submarine and surface ship launch
platforms).

Forty-two classes of surface ships currently
operate in our carrier battle groups, surface action
groups, amphibious task forces, logistic support
groups, and convoy escort groups. Each of these
ship classes (and, indeed, most of the ships within a
particular class) has unique signatures that allow the
enemy to discriminate ships within a surface force.
This plays to the enemy’s strength of massing fire
power on whatever type of ship their strategy calls
for.

We have generally concentrated required
operating functions on large ships. This platform
architecture, coupled with the high observability and
discriminability results in an inherently vulnerable
force structure, requiring extensive investment in long
range, layered defense. The enemy can target the
ships that carry our tactical aviation assets, our pro-
jection of power amphibious assets, our logistic
support train, and our defensive area anti-air warfare
(AAW), anti-submarine warfare (ASW), and anti-
surface warfare (ASUW) assets. The recent move to
distribute our cruise missile strike capability among a
wide range of surface and submarine assets is a
sound move away from the inherent shortcomings of
the concentration of functions architecture.

The surface forces are extremely demanding
of logistics support. With probable future closings of
oversea bases and increasing host country restric-
tions on use of those bases retained, the demand for
long-distance, high-volume, prompt logistic support
will be compounded. Fuel represents the most imme-
diate demand of our surface forces while underway.
With the exception of our few nuclear surface ships,
the surface Navy has ignored fuel efficiency. Our
ships are manpower intensive, and human support
requirements are logistically demanding. Because
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there are so many ship classes with little attention to
standardization, underway and overseas mainte-
nance requires extensive logistic support. Finally,
and most important in times of war, U.S. Naval sur-
face forces require the transfer of huge volumes of
ordnance at sea. With the introduction of larger
cruise missiles and extended range AAW and ASW
missiles, this transfer has become a serious problem.

Over the last ten years the surface Navy has
acquired eleven ships per year of nine different ship
classes. These ships were constructed in seven
shipyards. The number of different major contracts
for government furnished material and contractor
(shipbuilder) furnished material is in the tens of thou-
sands. The current platform architecture of many
classes of specialized ships with minimum standardi-
zation is programmatically demanding. The demand
on the Navy’s technical and programmatic infrastruc-
ture now exceeds the Navy’s billet allowances. The
United States’ shipbuilding industry, along with the
supporting marine industry, has become weakened
and vulnerable now that the U.S. Navy is the only
major customer.

A possible root cause of these five problems is
the lack of a master architecture and supporting
technical and programmatic strategy for the surface
Navy. A coherent vision and a road map for the
future needs to be formulated.

MISSION REQUIREMENTS FOR THE FUTURE
SURFACE NAVY

Considering the above current shortcomings,
is there a viable role for the surface Navy in the
future? We believe there is because the inherent
strengths of the surface Navy include:

Real-time force direction and control enabled
by command, control and communications (C3)
continuity,
Efficient bulk lift capacity
Flexible and visible overseas presence
Relatively low acquisition cost for a presence
at the interface between undersea and air
Unique ability to project and protect power
ashore when that power includes combined
land and tactical air combat forces of any
significant size

It is certainly appropriate for the Navy to inves-
tigate entirely new force architectures consisting of
different schemes for distributing required operating
functions on alternative platform types. In the future
there may be some shift towards a greater depend-
ence on submerged ships; land-based aircraft with
greatly extended endurance, and other concepts not
even conceived at this time. Our current vision of the
future indicates there will be a substantial surface
Navy because of the inherent strengths of this type of
warfare platform.

The projected roles and future missions of the
surface ships must be conceptualized in coorainaticl
with the projected mission requirements of other
elements of the navy, notably the submarine force.
There are other elements of the surface navy not
addressed in this paper, such as mine warfare, com-
bat/forward area repair and special operations.
“Surface Navy” in this paper refers to the battle force
structured elements.

A PROPOSED PLATFORM ARCHITECTURE FOR
A FUTURE SURFACE NAVY

A platform architecture describes how the
required operating functions assigned to the surface
navy are distributed among the many types of plat-
forms and how these required operating functions are
integrated. One must also address the C3 architec-
ture of the surface Navy to realize the complete
perspective. This section addresses the platform
aspects of a postulated architecture.

The current architecture of the surface Navy is
much as it has been during and since World War IL
There are discrete force compositions:

- Carrier Battle Group
- Surface Action Group (Battleship Battle

Groups)
- Amphibious Task Forces
- Underway Replenishment Groups
- Convoy Escort Groups (Protection of Shipping)

Within each of these forces, the capital ships
transport and support the principal commodity

Aircraft Carrier — tactical aviation aircraft
Battleship — large caliber guns and cruise
missiles
Amphibious Transports — Marine amphibious
forces
Logistics Transports — logistic (direct support)
material
Merchant Ships — resupply material

Within each of the forces, the defensive AAW
and ASW combat systems are located in the escoits
— cruisers, destroyers, frigates. The C3 functions are
distributed between the capital ships and the escorts.
With the introduction of Tomahawk cruise missiles,
Strike and ASUW capability is contained in the larger
surface combatants as well as the air wing of the the
aircraft carrier.

In an earlier section of this paper, the inhe
shortcomings of the surface Navy were discussed.
Whatever future architecture the United States Navy
adopts for its surface Navy, this architecture should
be designed to minimize these shortcomings. The
brute force approach which results when problems
are masked (rather than the source of problems
removed or at a minimum mitigated) could eventually
be unaffordable. Continuing the current architecture,
which is inherentiy vulnerable and days to the
strength of our principle adversay,”the Soviet Navy,

24-2



will require a never-ending expansion of our battle
space and continued, ever-increasing investment in
expensive combat systems to provide the required
defense in depth.

In order to overcome existing shortcomings
and exploit new technology implications in G, space
and weapon systems, the Navy should explore new
architectures for its surface forces. The David Taylor
Research Center has been studying an architectural
option which is designed to reduce each of the five
fundamental shortcomings previously discussed.
This architecture has been a product of the Round
Table strategic planning process developed at DTRC
as well as extensive participation in recent war
games held at the Naval War College in July 1988.

The architecture option is called "D3 + S“ from
the key attributes achieved, namely:

- Distribute
- Disperse
- Disguise &
- Sustain

Distribute. The architecture emphasizes dis-
tributing the surface Navy’s required operating func-
tions into a wider range of platforms. In addition, the
concept would discourage concentrating critical
functions on single purpose ships. A capital ship
would carry two or perhaps three functions. The
primary motivation for this greater distribution of
functions is to make it more difficult for an enemy to
target and then mass its firepower on a single high
value unit. The loss of a capital ship would result in
the loss of one third of three critical functions rather
than all of one function.

Disperse. The surface assets would also be
dispersed over a greater area of the ocean. This
dispersion would further work against the Soviet’s
strength of massing firepower.

Disguise. The ships of the surface Navy
would be designed with observability as low as pos-
sible consistent with a functioning, affordable surface
ship. Thus the ships would strive for maximum dis-
guise relative to the “noise’ of the ocean. Additionally
and equally important, the surface ships signatures
would be designed to be as undiscriminable as pos-
sible. The motivation is to make it near impossible for
the enemy to classify targets and determine which
ship carries a particular required operating function.

The desired result of D3 ( Distribute, Disperse,
Disguise), is to cause the enemy to come well within
US. Navy battle space to detect, classify, target, and
engage U.S. surface ships. This will make our exist-
ing combat systems far more lethal in defense of the
surface forces. The advantage shifts to our side as
we now will be shooting down the “archer” before the
launch of the “arrows”.

The fundamental thrust of this architecture is
the removal or mitigation of inherent vulnerabilities of
surface forces caused by high observability, discrim-
inability, and concentration of functions. The expec-
tation is that the current trend of requiring longer
range, reduced reaction time combat systems will be
reversed. Intuitively, we expect this to be a less
expensive and more cost-effective approach. To
verify the validity of this statement will require exten-
sive systems engineering and systems analysis
studies.

Sustain. The word “sustain” in the context of
the D3 + S architecture refers to the requirement to
substantially increase the sustainability of each of the
ships of the D3 + S force. The submarine navy has
emphasized the close relation between stealth and
sustainability since the introduction and total commit-
ment to nuclear submarines. it is nonsensible for a
low observable ship to require frequent resupply from
a highly observable logistic support ship.

A typical surface combatant ship must leave
station in a earner task force every three days in
order to maintain a fuel load above the desired sixty
percent. Conventional aircraft earners require ap-
proximately the same periodicity of aircraft fuel re-
plenishment during sustained flight operations, CVN’S
somewhat less frequent. In time of combat the de-
mand for the replenishment of ordnance is expected
to occur even more often. Resupply to satisfy the
human support requirements can be extended be-
yond thirty days during normal operations. Providing
for underway maintenance requirements is more
difficult to predict.

The requirement for frequent replenishment at
sea adds substantially to the inherent vulnerabilities
of an underway surface force. The signatures of the
ships increase during the high speed transit to and
from station. The logistics ships themselves may
very well be the Achilles’ heel of the force. The ships
shuttling fuel, ordnance, and stores from ports to the
AOES and AOR’S are particularly vulnerable.

The D3 + S concept as an architectural option,
summarized in Figs. 1 through 6, has the potential to
reduce the inherent vuinerabilities of the current
surface battle forces. With this hope, goals and
system concepts consistent with this architecture
have been developed.

Appendix A provides a category listing of the prelimi-
nary quantitative, time-phase goals that have devel-
oped through the H, M&E strategic planning process.

The setting of these goals is a mandatory first
step in conceptualizing system concepts and prioritiz-
ing technology clusters.
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SYSTEM CONCEPT FOR THE D3 + S
ARCHITECTURE

The David Taylor Research Center has formed
systems engineering teams to conceptualize system
concepts building on the D3 + S architecture and
goals. The most promising system concept is de-
scribed.

The system concept that has the potential for
meeting the requirements of the D3 + S architecture
and the ensuing goals consists of a concept where
the surface navy necks down to two parent types of
ships, namely a Carrier of Large Objects (CLO) and a
Scout Fighter (SF). Both ships would be designed
with significantly reduced signatures compared to
current surface practice. Furthermore, the signatures
of the CLO and SF would be as indiscriminatable as
possible. Both ships would incorporate design fea-
tures to extend their on station time considerably in
excess of today’s capabilities.

Carrier of Large Objects (CLO). The surface
Navy carries the following large objects:

- Aircraft and their operating and support equip
ment and personnel

- Marines and their amphibious equipment
- Logistic material and transfer equipment
- Mobile repair equipment (i.e., tenders)
- In the future, autonomous vehicles

(underwater, surface, and air). 

A list of current CLOs and their cargo is contained in
Table L

The system concept calls for one low-observ
able, highly sustainable ship class that is capable o
transporting and supporting each of these categori
of large objects. The variants would differ in arrang
ment as required by the demands of the large ob-
jects, but they would appear similar from a signatur
standpoint and utilize similar subsystems to the
maximum extent possible.

In order to make this system concept remote
reasonable, the large objects (future aircraft, amphi
ous equipment, logistic transfer equipment, repair
equipment, and autonomous vehicles) will need to 
conceptualized in parallel with the CLO. Clearly thi
is a concept which will require thirty to forty years t
implement fleet wide.

A CLO concept which is currently designated
at DTRC as Carrier Dock Multi-mission (CDM) envi
sions multiproduct variants, one variant for each
major mission area, i.e. amphibious, direct logistics
support, repair, carrier of aircraft or carrier of auton
mous vehicles (manned or unmanned). The comm
framework consists of a conventional monohull with
welldeck and flightdeck, with integrated electric driv
and intercooled, regenerative gas turbine engines.

Ship concept studies are underway to size a
configure a notional CDM along with its possible co
ceptual variants, shown in Figs. 7,8 and 9. The star
ing point will concentrate or, Carrier Dock Amphibio
(CDA) and Carrier Dock Logistic (CDL) variants.
Notional CDA and CDL requirements are shown in



Table Il. A ship of between 30,000 and 40,000 tons
full load has been used as a starting point and an
early conceptual drawing in included as Fig. 10.
Other features of the CDM concept are summarized
in Fig. 11.

Scout Fighter (SF). The scout fighter would
share the functions of command and control, surveil-
lance, offensive, and defensive combat capability.
The scout fighter is envisioned to be a far smaller,
more mobile and less expensive ship than the Carrier
of Large Objects.

The distribution of functions between the CLO
and SF has many possibilities. On one extreme the
SF could be a relatively independent, fully capable,
multi-warfare capable ship much like the cruisers of

example, both ships would use the same type of
propulsor and prime mover. The two ships could be
designed with the same basic topside configuration
and materials. Active signature control techniques
would also be required.

This battle force system concept based around
only two parent ship classes with a large degree of
ship design commonality has the potential for signifi-
cant programmatic cost savings in areas of both
acquisition and operating and support costs. Longer
production runs will permit the shipbuilding industry to
more aggressively adopt modem shipbuilding tech-
niques, such as more extensive use of process flow
lanes, preoutfitting, and modularity. Capital invest-
ments would become more attractive to shipbuilders,

Table II. Notional CDA and CDL design
requirements

Feature CDA CDL

Signature low observable same low observable
Cargo fuel
Cargo ammo
Cargo dry stores
Cargo reefer stores
Containers (B’ x 8’ x 20’)
Troops
Square footage
Cubic footage
LCAC’s/barges
Boats (LCM 6 equivalent)
Aviation Facilities
heloslplanes

185,000 gals

2 (minimum)
950 men
21,000 Sq ft
37.000 cu ft
2
9

10 helos/planes

120,000 barrels
150,000 Cu ft
830 tons
350 tons
150

2

4 helo
hanger & repair yes yes
UNREP suite
CONREP 3 fuel, 1 cargo 5 fuel, 1 cargo
VERTREP 3 3

Sustained speed 20 knots 20 knots
Endurance (min) 10,000 nm @ 20 kts 10,000 nm @ 20 kts
ship stability < common >
Habitability standard < common: Navy standard >
Manning c as per goals >
Combat System < corn-mom TBD >
Margins < common >
Survivability < common low signature, SRBOC, collective protection, doublelsteel hull >
Propulsion Machinery < common: integrated electric gas turbine/lCR >

today. On the other extreme the SF could be an
unmanned autonomous vehicle supported by the
mother ship. There is a wide range of differences in
SF capabilities between these two extremes. Current
scout fighters (cruisers, destroyers, frigates) are sum-
marized in Table Ill.

Even though the SF would be a smaller, more
mobile ship as compared to the CLO, the SF would
be designed with similar low signatures. This would
be accomplished by incorporating the same subsys-
tem and component concepts that are the source of
the emissions which result in ship signatures. As an

and various producibility concepts become more
economic. Commonality would greatly lessen fleet
introduction, training infrastructure and other logistic
support costs.

This two ship concept could have major ramifi-
cations on the shipbuilding and marine industrial
base. Careful planning would be required to architect
the “Distributed industrial base consistent with the D3

+ S platform architecture. There will be far less
variety of materials, components, and standards in
this system concept. This could result in a consider-
able neck down in the number and diversity of marine
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Table III. Current scout fighters.

TYPE NO. LENGTH DISPL SHP SPEED PAYLOAD
(k LT) (kHP) (Ids)

BB 4 667 58 212 35 Large guns. miseilles, flag facilities
CGN 9 585 10 100 30+ Missiles, guns
CG 32 567 9.6 80 30+ Missiles, AEGIS on half of them
DDG 37 437 4.8 70 30 Missiles, guns
DD 31 563 7.6 80 33 Guns, ASW helos
FFG 46 445 3.6 40 29 Missiles, ASW helos
FF 49 438 3.9 35 27 farge sonar. ASW helo

Source: Jane’s Fiahtina ShiDa not official U.S. Navy figures
suppliers. It is likely that the Navy shipbuilding and
repair business will be concentrated in a smaller
number of shipyards. A specific shipbuilder or sup-
plier may specialize in a particular process flow lane
to provide preoutfitted subsystems, which are then
shipped to assembly yards.

The two ship system concept could greatly
alleviate the current severe problem of a size-con-
strained government technical and program support
infrastructure being unable to provide the ship design
and fleet technical support for the highly diverse
surface force of today. Afar more streamlined and
disciplined support organization would result from this
neck down of ship classes.

The size of these two concepts relative to
today’s missions and ship types are shown in Fig. 7.
The specifics of the size variation of the SF will
greatly depend on the distribution of functions be-
tween the CLO and the SF, affordability constraints,
and projected weapon system characteristics.

TECHNOLOGY CLUSTERS

The concept of clustering technologies that
have synergistic and programmatic linkages has
merit for any platform architecture. It has particular
merit when coupled with the D3 + S architecture and
the resulting two ship system concept.

Technology clusters have been identified at
the David Taylor Research Center which serve as
building blocks for ship concepts which meet the
specified goals. As of the writing of this chapter, five
technology clusters have been identified and are in
the process of system definition. These five clusters
are:

- Cluster A — Advanced Machinery Systems
- Cluster B — Advanced Hull Technologies
- Cluster C — Advanced Topside Technologies
- Cluster D — Manning and Human Support
- Cluster E — Propulsion Powered Combat

Systems

These five technology clusters vary signifi-
cantly in maturity and definition and the systems
analysis completeness explaining the cost benefit of

each of these clusters in the context of the D3 + S
architecture, the goals, and the CLO/SF system
concept also varies.

TRANSITION PLAN TOWARDS THE D3 + S
ARCHITECTURE

The Navy will have rebuilt itself by the year
2030. By that date the ships and systems of the
current Navy will have been retired or very nearly so.
In this context ships and systems actually in the fleet
plus those under construction are considered to be
part of today’s Navy. One must reach out beyond this
forty year time frame to be able to conceptualize a
Navy unencumbered by current force architecture,
current systems, and current government and indus-
trial infrastructure.

The transition Navy is the forty year period of
time between today and the future (2030+), see Fig.
12. The first twenty years can be considered as near
term and the next twenty years as mid term. The
Navy must have a vision of the future architecture,
system concepts, and support infrastructure to be
able to lay out a road map towards that vision. Far
too many technology investment decisions are influ-
enced by today’s constrained perspective. This leads
to a replacement in kind system solution, an evolu-
tionary upgrade that may not address the fundamen-
tal source of shortcomings. It encourages the main-
taining of paradigms no longer valid.

Both the neck down in the number of ship
classes as well as the change in the design philoso-
phy and acquisition strategies of ail near term ship
building programs should begin as soon as possible.
One concept of future surface battle force composi-
tion (approximately one-half of the entire Navy) is
shown in Fig. 13. A postulated timeline for CDM and
SF technology and procurement is shown in Fig. 14.
A conjectured 2030 CDM/SF fleet makeup is de-
scribed in Fig.15.

EFFECTIVENESS AND COST ASSESSMENT

A key element of the Strategic Planning proce-
dure is to evaluate the military worth of projected
future ship concepts and assess the cost to imple-
ment them. for an overall evaluation of cost effective-
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ness. At DTRC, this is done by an independent
assessment group. Much work remains to validate
existing assessment models, increase their flexibility
to assess more far-reaching technology concepts,
and to develop assessment models in additional
mission areas.

PRODUCIBILITY

Producibility is not presently considered a major
element in the naval ship design process for several
reasons.

l There exist a myriad of other elements that are
considered more critical. 

l There has been a decided lack of visibility and
external pressure to increase the producibility of the
ship design. Producibility is not as patently obvious
as a hydrostatic problem which results in severe list,
or a naval gun that cannot fire. Lack of producibility
in design is more insidious but no less important.

l There is a preception that the design community
does address producibility through weight minimiza-
tion or cost constraints. While these are related to
producibility, they can easily create a design decision
that is out of equilibrium. (Note 1)

l A lack of awareness of the relative leverage of
various ship subelements and design phases for im-
proving producibility and thus increasing the ship’s
overall cost-effectiveness.

l A lack of detailed data on specific producibility
concepts.

l A lack of any riaorous methodology for the as-
sessment of producibility.

In the thesis “Producibility as a Design Factor in
Naval Combatants” [ reference 2 ] producibility was
categorized into wartime (time oriented) and peace-
time (cost oriented). Peacetime producibility was
further divided for consideration into Fleet Concept,

 Preliminary Ship Layout, Production Details, Shipyard
as Factory, and Economic Considerations. The
thesis proposed a peacetime producibility evaluation
methodology. The Distribute, Disperse, Disguise and

Sustain (D3 + S) architecture outlined above and the
Carrier Dock Multimission ship design feasibility
studies getting underway are an attempt to consider
producibility at the very inception of ship design, in
the Fleet Concept arena.

SUMMARY

The structure of H, M&E technologies pre-
sented in this chapter is an outgrowth of an evolving
strategic planning process at DTRC. It consists of
(a) the definition of quantitative time-phase goals
necessary to overcome the perceived shortcomings;
(b) the identification of clusters of synergistic tech-
nologies that provide maximum leverage in satisfying
these goals; (c) system concepts that incorporate
and exploit these technologies; and d) an overall
architecture in which they can be evaluated. A spe-
cific force architecture (D3 + S) has been proffered to
evoke discussion and further evaluation.

This discussion of R & D planning is presented
in this forum because producibility has too often been
an afterthought to the ship design and force architec-
ture procedure. Only by committing some small
percentage of the navy’s assets to long range strate-
gic R & D planning, and integrating the planning of
inter-related portions of the navy, can the challenges ‘-
of the future threat be met within increasing fiscal, 
manpower and industrial base constraints. The
vision of the future U.S. naval surface fleet presented
above is not the only possible vision, nor is it the
complete vision. For instance, an examination is
warranted of what synergisms this battle force vision
might have with a merchant ship of the future.

The scope of the challenge can be overwhelm-
ing, but a start has been made. Between vision and
reality lie years of dedicated engineering. This engi-
neering must be tied together on the systems plane,
with the producibility aspect given a strong voice in
the earliest stages.
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Note 1: The equivalence of ship weight to ship acquisition cost is a common falicy. While it has merit in some
applications, it is used for conceptual designs with technical innovations that extend the costing method far past its
range of reasonableness. An extreme example of the “weight as cost” concept running afoul is the Patrol Hydrofoil
Missile (PHM). The PHM-1 leadship used small, lightweight structural sections, close stiffener spacing and thin
gage welded aluminum materials to save weight in the weight-critical high performance ship. While the result was
low weight, excessive costs resulted from problems such as weId distortion, part fitup and poor welding accessibil-

 ity. An extensive structural redesign for the follow ships resulted in a mere 5% increase in weight for a 689% reduc-
tion in typical midship bulkhead cost. [ reference 1 ]
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Initial categories of Hull, Mechanical and
Electrical Goals set and prioritized in the Strategic
Planning Process. These are to be interwoven with
Combat System goals to give the Navy timephased
and quantitative goals over the spectrum of ship
design. These attributes were originally set for a
surface combatant (Scout Fighter); ongoing work wil
modify attributes, add attributes and revise priorities
as required for the Carrier of Large Objects and
deployable vehicles.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Radar Signature
Acoustic Signature
Survivability (Vulnerability)
Damage Control
Chemical, Biological and Radiological Defens
Fire Protection
Range and Endurance
Acquisition Cost
Infrared Signature
Reliability, Maintainability, Availability
Operating and Supporl Costs
Seakeeping
Wake Signature 
Speed
Extreme Cold Weather Operations
Logistics
Maneuverability
Magnetic Signature
Electro-Optic and Visual Signature
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disguise which ship is which within a taskgroup/taskforce

disguise which taskgroup is which

balance the ships within a group so that the loss of one vessel (by
enemy, equipment failure or tasking) does not jeopardize the mission

reduce ship design costs by commonality

reduce program costs by minimizing the number of programs and reducing overhead

reduce ship production costs by maximizing repeats

expand U.S. shipbuilding base thru repeats allowing shipyards to make significant capital improvements

provide for improved ship availability through common subsystems

reduce logistics supportthrough common subsystems and simplified logistics support shuttle

graceful, gradual transition from current fleet architecture to future
fleet architecture as replacement ships phase in; flexibility to meet
changing needs over the years

Fig, 9.- Why CDM?

 .
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reduced discernibility
reduced discernibnility

de-emphasize ship speed but maximize
weapon and scouting speed

emphasize endurance and independence from external support
during mission

well deck on all CLO's within taskforce opens alternate
replenishment schemes

additional vertrep pads on all variants
expands operational use of VERTREP vice CONREP

similarities of the variants permit multimission usage, ie
logistics variant for amphibious surge or amphibious variant in
logistics role

Fig. 11- Other features of CDM







ABSTRACT

A computer graphics based advisory system has been
developed to aid in the design and manufacture of
submarine hulls. The design and manufacture advisor
incorporates models of the materials (steel) and
processes (bump forming, roll bending. welding, and
fixturing) used for the manufacture of the hulls, and
allows the user to explore the effect of different material
qualities (described in terms of variances of thickness
and yield strength), and different manufacturing
parameters (punch penetration, punch spacing, and
number of fixtures, for example) on the resulting quality
(circuliuity) of the hull section. By “Designing through
Manufacture” in this way the resulting design of the
submarine hull section is not just a geometric
representation of the desired shape of the hull, but
incorporates explicit information about the materials and
processes used to create the shape, and of the quality that
results from the designer’s choice of materials and
processes.

INTRODUCTION

The design engineer is responsible not only for the
fitness of the design for the function intended, but also
for its cost and ease of manufacture. The designer
cannot “throw the design over the wall” to manufacturing
and hope that they will find a way to make the part to
print, but must be responsible for designing the part to
facilitate manufacture, and assembly.

Design engineers have to understand the manufacturing
implications of design decisions. However,
considerable experience is needed for a design engineer
to gain such an understanding. Often the interaction
between the design and the manufacture of the part is
complex and product specific, and is a type of
knowledge not generally featured in an engineering
student’s curriculum. Design engineers gain such
knowledge on-the-job; by trial and error, and from more
experienced coworkers or their supervisor. On-the-job
training is expensive; there is a need for computer-aided-
design tools to provide an alternative route for learning
the complex details of how the design of a part affects its
manufacture, and to enable less experienced designers to
produce designs that are manufacturable.

There has been considerable interest in developing such
manufacturing advisory systems [Jakiela and
Papalambros 1985, Desa et al. 1987]. However, most of
these developments have concentrated primarily on the
purely geometric characteristics of the parts and their
effect on the ease with which the parts can be assembled,
without regard for the manufacturing process used to

produce the part itself. In this paper a Design through
Manufacture (DTM) advisory system is described that
provides the designer with explicit feedback of the
interaction between the design of the part and the
manufacturing process used to produce the part.

Design  Through Manufacture

Conventional computer-aided-design tools allow the
designer to create parts geometrically without explicit
consideration of the manufacturing process used to
produce the part. Some more recent developments in
Computer-Aided Engineering (CAE) provide the
designer with feedback of an estimated cost of the part
based on the tolerance specified (Cognition 1988), but
the costing is done after the geometric feature is
designed.

The philosophical basis for Design through Manufacture
is that the starting point for any design should be readily
available materials, and that the designer should
manufacture the part by performing a computer
simulation of the manufacturing process. The designer
cannot suppose the geometry of a part on the CAD
screen, but must manufacture the geometry. Secondly,
the models of the engineering materials and the
manufactunng process should not be idealized, but be
realistic representations of the materials and processes
available. The computer simulation of the manufacturing
process should perform the manufacturing operation on
the computer with the same tolerance and ‘quality’ that
would be expected on the factory floor. In this way the
designer can visualize the effect of design decisions on
the effort required to manufacture the part, and the effect
of the manufacturing process on the cost and quality of
the real part.

A computer model of a part designed through
manufacture can include explicit descriptions of the “raw
material” used in its manufacture, of how the part was
manufactured, and its expected tolerances and quality.
Because all information pertinent to the design and
manufacture of the part is included in the description of
the part, the effect of any changes in a design or
manufacturing parameter on the subsequent stages of
design and manufacture can be readily simulated.

There is a recognized need for incorporating interactive
design aids into the design process, and many design
engineers welcome intuitive tools that can aid their
design process. [Zeid 1987, Grant 1987]. One of the
earliest examples of a Design through Manufacture
system was developed in 1975 [Gossard 1975], but the
computational complexity of modelling real
manufacturing processes has inhibited the continued
development of such systems.



The Manufacture of a Submarine Hull Section

The example of the manufacture of a submarine hull has
been chosen for the development of this Design through
Manufacture system. The circular geometry simplifies
the system. A simplified cartoon of the manufacturing
process for a submarine hull is shown in Figure 1. The
process can be divided into the following stages:

Select steel
Cut steel plate to size
Bend plate into arc
Fixture plates for asssembly into circular hull
section
Assemble plates (weld)
Fixture hull section for assembly with a second
section
to remove out-of-roundness
Assemble hull sections (weld)

Bump Form
Suel Plates

Assemble
Hull Section

input stock can vary from plate to plate, and from point
to point on the same plate. Properties such as grain
structure, alloy content, and yield strength will vary due
to process variances in the manufacture of the steel.
Localized stress can result from the rolling mills and heat
treatment of the plate. Flame and plasma cutting methods
are used to cut plates to size. The heat input will relieve
the residual stresses in the heat affected zone and may
result in workpiece distortion. The amount of distortion
depends on the residual stresses present in the
workpiece, the variation in the amount of heat generated
by the cutting heat source, and the rare of cooling of th
workpiece after cutting.

The hull section of a submarine is circular, assemble
from 8 curved steel plates. The steel plates are forme
into arcs by bump forming or roll bending. Strai
hardening, plate thickness, maximum moment poin
location, and machine geometry may vary and affect th
resulting curvature. Sequential bending, also calle
bump forming, applies a three-point bending moment a
discrete intervals along the length of the workpiece. 
sketch is shown in Figure 2. The plate is placed on 
stationary die, with a spacing of 2 a. The punch is the
displaced the distance YP, referred to as the punc
penetration. When the punch is retracted, the plate wil
partially springback. This process is repeated at a serie
of points along the length of the plate and results in 
finished shape that approximates a smooth curve. Th
mechanics of this process are discussed in [Hardt
Wright and Constantine 1989].

The United States Navy imposes strict requirements for
the dimensional tolerances of submarine hull contours
A typical circularity tolerance for a submarine hull is
approximately ± 1/2 in. on a diameter of 42 feet
Circularity measurements are required at regular intervals
along the pressure hull, and each point must be within
the specified tolerance. A sketch of a hull section
without stiffeners, is shown in Figure 3. Methods
allowed by Navy specifications to take circularity
measurements include the bridge gauge method, interna
swing arm, internal radii, method of optical squares th
externral template, and photogrammetry
[Jacobson,1985].
In addition to the Navy specified tolerances for final
configuration, there are fit-up requirements for the
assembly and welding of the hull segments. Excessive
mismatch at the weld joint will require additional time
and expense for fitting and fairing methods to be applied
to allow proper welding. Problems encountered during
the manufacturing of submarine hulls due to workpiece

Fixture to deviation from nominal include “chasing the bubble”
Improve Circularity while assembling two hull segments. As the weld

progresses, the local mismatch is corrected by fitting and
faring methods. If there is an excessive mismatch
between the two hull segments being joined, an
uncorrectable “bubble” will develop that must be cut out
before the assembly weld can be completed. Ideal
manufacturing processes result in no residual stresses in
the material, and yields dimensionally perfect parts,
eliminating the need for fitting and fairing. Existing
manufacturing capabilities do not allow this goal to be
achieved

The hull sections are manufactured from steel plates,
HY-80 Armor Plate Steel [Alloy Digest 1966], supplied
directly from the steel mill. Material properties of the

SYSTEM OUTLINE

The Design through Manufacture advisor is a graphics
based system developed using X-windows on a UNIX
based VAXstation II with a black and white monitor.
The programming is written in the “C” language, and
comprises approximately 3000 lines of code and
comments.
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The system facilitates user interaction with the bending
and rolling models developed by [Hardt, Wright and
Constantine 1989], facilitates the display of experimental
out-of-roundness data, and helps the user to design
fixtures to improve the roundness of the submarine hull
sections. An overview of the manufacturing advisor
system is shown in Figure 4. The manufacturing advisor
allows the design engineer to “experience”, through
computer simulations, the impact of design decisions on
the manufacturing process, and to optimize
manufacturing decisions based on the process models.
Currently a simplified model of the hull assembly
process is used that does not incorporate stiffening
flanges.

The inputs to the system are the characteristics of the
steel plate in terms of its geometry (thickness) and
material properties (modulus of elasticity, yield strength,
strain hardening behavior), and the expected tolerance in
those characteristics. The geomeby of a hull section can
then be created either from experimental measurements
or by using the rolling or bending models described in a
companion paper {Hardt, Wright and Constantine 1989].
The geometry of the rolling or bending processes can be
specified interactively by the user, as can the allowed
variation in output (a measure of the quality control
standard on the forming process). The output of the
forming models is eight plates of different curvatures.
The different plate shapes are generated by creating a
stochastic distribution of steel plate characteristics that
might be expected from the allowed tolerances in the
specification of HY80, and propagating the effects of
these characteristics through the forming process Plates
that exceed the quality control limits are rejected.

The eight plates are then assembled by butting them
together so that their tangents match to give a smooth
continuous curve, and then applying a combination of
forces and moments to the last two free ends to complete
a hull section. This process is sketched in Figure 1. AS a
result of the non-uniformity of the curvature of the eight
plates the hull section is out of round.
The out-of-roundness of a hull section can be improved
by changing the steel plate characteristics, by changing
the forming parameters, or by applying a fixture. The
steel plate specifications can be changed to allow a
smaller variation in geometry or material characteristics.
Alternatively, the forming processes can be modified so
that variations in the steel plate characteristics result in
smaller variations in the resulting curvature of the eight
curved plates, or the quality control on the output of the
forming process can be tightened so that only more
uniform plates are assembled into hull sections.

The manufacturing advisor currently allows the user to
design 2-, 3- and 4- point fixtures, or alternatively, the
system will automatically generate a series of such
fixtures to minimize the out-of-roundness of the hull
section in the least squares sense. The out-of-mundness
is described in terms of Fourier coefficients by treating it
as a purely radial distortion. By matching Fourier
coefficients of the out-of-round shape of the hull section
to the Fourier coefficients of the deflections caused by
applying different types of fixtures, the orientation and
load of a set of fixtures is designed to optimize the
resulting shape of the hull.

The plate assembly model and fixturing distortion
models have been developed based on a simplified elastic
analysis for small deflections. The models assume that
the section radius is large compared to the thickness of
the dates. that the deflectirms can be described as small

deviations from a circular geometry, negligible hoop
stress, and that the maximum stress is below the yield
point of the material.

The manufacturing advisor graphically displays in 2-D
the hull segment’s initial shape and the change in the
shape due to fixturing. The design shape and allowable
deviations are overlaid for comparison. An examples
taken from an interactive session working with the
fixturing model are shown in Figure 5.
SYSTEM DESCRIPTION

The manufacturing processes modeled are:
l Bump forming of plates
l Roll bending of plates
l Assembly of plates into closed cylinder
l Fixturing to reduce circularity emors

The design parameters that may be varied are given in
Table 1

Table I: Design Parameters

1.

2.

3.

4.

5.

The physical dimensions of the segment
a. Radius to midplane
b. Thickness of plate and variance
c. Axial length of segment
d. Contour limit

The material Propernes
a. Modulus of Elasticity
b. Yield strength and variance
c. Strain hardening modulus/Modulus of

Elasticity ratio

The initial deviations from true geometry

The forming model parameters
a. Punch penetration
b. Machine geometry
c. Quality control on plate curvature

The fixture loading conditions
a. The angle relative to the vertical axis

for future load application for each
future

b. The load magnitude for each fixture

Forming models have been developed for bump forming
[Hardt, Wright and Constantine 1988] and roll bending
[Wright, 1988]. These models, based on given material
properties, plate geometry, and machine geometry,
predict the final shape of the formed plate. Statistical
models of parameter variations are used as input for
these models parameters are given a uniform probability
distribution within the material specification. The

 resultant output is formed geometry that varies
stochastically from the nominal geometry.

y Model to Close Cylinder
A hull segment is assembled from 8 formed plates. The
variations from desired geometry, given by the forming
models, will result in deviations from a true circle after
assembly. It is assumed that the plates are attached
together such that the plates for a smooth., continuous
curve. As shown in Figure 1, the variauons in plate
curvature will result in a gap between the free end of the
first plate and the free end of the last plate.

To butt the two ends together tangentially, the force
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components V and H, and the moment MO,  shown in
Figure 1, are applied to the ends. The radial gap, Ay, the
tangential gap, Ax, and the angular mismatch,  are
derived in terms of the unknown force and moment
components using Castigliano’s Theorem [Roark,
1975]. These equations can then be solved for V, H,
and Mo.

The submarine hull segment is modelled as a cylindrical
ring, as shown in Figure 6 below.
The distance circumferentially along the neutral plane of
the plate from point 0 is described by x, R is the radius
to the neutral plane of the plate, x/R is the angle, in
radians, from the diametral line through point 0 to the
point at distance x, and r is the thickness of the plate.

Assuming that the shape of the hull section can be
modelled by small deviations from this idealized cylinder
the forces and moments necessary to assemble the two
free ends together can be calulated along with the
resulant  deflection of the hull section. The output of this
part of the elastic model is a closed cylinder with known
initial deviations, out-of-roundness, from the desired
shape.

Applying Castigliano’s Theorem [Gallo 1988], the radial
force, 1’, is given by:

components for assembly may accounts for up to 25% of
the fabrication costs of large structures [Moshaiov
1988]. Fitting and fairing aids arc used to align mating,
workplaces for proper welding fit-up. Fitting and fairing
aids in common use in U.S. shipyards are described by
Macial 1984]. The devices modeled for application to
submarine hull se~ment circulan deviations are those
capable of two-point diarnerncal loading and three-point
radial loading, such as hydraulic rams, come alongs, and
push-pull jacks.





USER INTERFACE

The interactive graphics program is to be used as an
analysis tool by design engineers to determine the effect
of design decisions on the manufacturing process. The
design pammeters that maybe changed have been listed
in Table I.

The program graphically outputs the resulting deflections
of the workpiece as each. design change is made,
allowing immediate evaluation of the change’s impact
The workpiece’s geometry is graphically displayed by
exaggerating the out-of-roundness errors so that they can
be readily preceived by the designer, and the contour
limits are plotted on the same scale to allow comparison
with the design tolerances, as shown in Figure 8.

+

Figure 8: Graphical Display of Initial Deviations
The program is designed to be interactive with the user,
and will prompt the user to make key decisions. The
program is menu driven, and displays a menu listing
several choices. The choices will either 1) lead to a
submenu 2) perform a desired function or 3) go back to
a higher level menu. The user selects the desired option
by placing the mouse cursor in the box adjacent to the
choice and pressing any button on the mouse.

Changing any design parameter will cause the program
to recalculate the new shape of the hull section using the
existing fixture loading conditions and graphically
display the results. To view the numerical values of the
final deflection, the user chooses the “Disulay Final
Deflections” option from the “Main Menu”. The
program will then overlay the numerical values on top of
the graphical display, as shown in Figure 9.

CONCLUSIONS

A computer graphics based advisory system has been
developed to aid in the design and manufacture of
submarine hulls. By “Designing through Manufacture”
in this way the resulting design of the submarine hull
section is not just a geometric representation of the
desired shape of the hull, but incorporates explicit
information about the materials and processes used to

FINALDEFLECTIONS
NUMBER ANGLE

Figure 9: Display of Final Deflections

create the shape, and of the quality, as measured by the
out-of-roundness of the hull, that results from the
designers choice of materials and processes. The
interactive graphics program provides a convenient tool
for the design engineer to analyze the impact of his or her
decisions on the manufacturing process. By using this
tool, potential problems faced by the manufacturer can be
recognized at the design stage, and may be ameliorated
by selecting alternative materials or processes. TM
advantages of Design through Manufacture are:

It is not possible to design parts that cannot be
manufactured
The designer understands the effect of his design
decisions on the manufacture of the part and on its
quality
The designer can be assisted by-the computer to
explore different design and manufacture options
The effects of materials and processes on
tolerances are explicit
The cost of the design can be made explicit

The system that has been developed is an incomplete
prototype, and does not include all materials or process
that the designer might consider. In particular, it does not
include models of flame-cutting or welding processes.
As an incomplete system it limits the freedom of the
designer and may give misleading results.

Future development is directed at incorporating more
materials and processes into the system but is limited by
the lack of available process models. To be useful as a
design aid process models must be sufficiently faithful to
the process to provide meaningful results, and yet run
suffciently quickly that they can be used interactively.
The development of fast process models is an area of
current research [Eager and Moshaiov 1988]

An important use of Design through Manufacture
systems will be in education. The problem in design
education is feedback working interactively with a DTM
system is a way for design engineers to accelerate their
learning experience, allowing the designer to make
mistakes with silicon instead of steel.
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